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Abstract 

Thuja plicata, commonly known as Western redcedar, is an economically important 

conifer species on the North-west coast of Canada and the USA. T. plicata lumber is 

valued for its natural durability. Paradoxically, logged trees are frequently culled because 

of extensive heartwood (HW) fungal rot, indicating genetic variation in rot resistance. 

Resistance to rot in the dead HW of trees is attributed primarily to secondary 

metabolites. T. plicata HW has high levels of fungistatic lignans and fungitoxic 

monoterpene-derived tropolones, primarily β-thujaplicin. However, it takes 15-20 years 

of growth before β-thujaplicin is produced at high levels, precluding breeding based on 

β-thujaplicin levels. If critical genes behind terpenoid biosynthesis were known, variants 

could be correlated with high levels of corresponding terpenoid, allowing selection for 

HW rot resistance based on genotype of seedlings after crosses. In a quest for relevant 

genes, we used RNA-seq to identify genes upregulated in the sap to heart wood 

transition zone in which secondary metabolites are produced. Among them, we found six 

putative terpene synthases (TpTSs) and three putative 2-oxoglutarate/Fe(II)-dependent 

dioxygenases (TpDOXs) that are candidates for synthesis of specific terpenes and for 

ring expansion of monoterpenes into tropolones, respectively. Enzyme assays using 

recombinant proteins and terpene substrates showed that one enzyme produced the 

monoterpene terpinolene and another terpinolene and 3-carene, both of which may be 

precursors to β-thujaplicin. One terpene synthase produced the sesquiterpene alcohol 

elemol, previously linked to termite resistance. In addition, we identified three 

monofunctional diterpene synthases, of which one produced the intermediate normal-

copalyl diphosphate, an intermediate for diterpene biosynthesis, the second produced 

sandaracopimaradiene or syn-stemod-13(17)-ene depending on the substrate, and the 

third produced levopimaradiene. Enzyme assay of three TpDOXs with a potential 

substrate did not yield any β-thujaplicin. Taken together, we have identified genes and 

enzymes that for the first time provides detailed insights into terpene biosynthesis during 

heartwood formation in T. plicata. Lastly, we show that RNA-seq methodology and 

identified genes can be used also for field studies of biotic and abiotic stress in T. plicata 

silviculture.  

Keywords: terpene synthase; β-thujaplicin; heartwood; secondary metabolites; western 

redcedar; Fe(II)/2-oxoglutarate dependent dioxygenase 
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Chapter 1. Introduction 

1.1. Thuja plicata 

 
1.1.1. Habitat & Distribution 

Western redcedar (WRC, Thuja plicata Donn ex D. Don), also known as pacific 

redcedar, giant cedar, canoe cedar, or giant arborvitae, is one of the most resilient and 

versatile conifers that can live for over 2000 years [1]. These long-lived trees can grow 

up to 70 meters in height and 7 meters in diameter [2]. This species belongs to the 

Cupressaceae family of conifers, native to the Pacific coast of North America. In general, 

they are a shade-tolerant species with a shallow, wide-spreading root system and grow 

commonly in mixed-species stands [3,4]. The natural range of T. plicata is divided into 

two distinct regions, one coastal population growing from northern California to 

southeastern Alaska and a second interior population ranging from eastern Montana, 

and northern Idaho to eastern British Columbia [3]. In British Columbia (BC), it grows at 

low to mid-elevations in wet coastal and interior areas with mild temperatures. [5]. The 

cultural and ecological significance made T. plicata an official tree of BC on February 18, 

1988 [6]. 

1.1.2. Economy & Uses 

T. plicata wood products have high value, selling at two to four times higher 

prices than other commercially important North American species [7]. In BC, T. plicata 

lumber is among the highest-priced softwoods, generating more than $1 billion in sales 

annually [8]. T. plicata wood is durable, swells marginally upon wetting, and is easy to 

work. Given their natural durability, T. plicata wood products are used for exterior 

residential applications such as roof and wall coverings, fencing, decking, garden 

furniture, and planters [3,5]. T. plicata wood products are more environmentally friendly 

compared to those treated with biocides. In addition, the essential oil, rich in terpenoids, 

is used in the cosmetics and fragrance industry due to its antimicrobial and scent 

qualities. Among indigenous peoples in BC, this “Tree of Life” has for thousands of years 

been of special spiritual and practical importance, used for daily essentials such as hats, 

baskets, boxes, ropes, clothing, blankets, canoes, totem poles, and more [9]. The quality 

and economic value of T. plicata wood lies with its natural resistance against rot and 
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fungus. This resistance is attributed to the secondary metabolites also known as 

specialized metabolites or extractives produced by the heartwood of mature trees 

[10].  

1.2. Heartwood 
 
1.2.1. Heartwood formation process 

The wood of gymnosperm and angiosperm tree species can be separated into 

two different regions based on function. The outer and younger sapwood (SW) region 

transports water through tracheary elements (TEs), whereas the inner and older 

heartwood (HW), does not transport water due to TEs being blocked by air embolisms 

and in many species also by secondary metabolites. The metabolites, in turn, provide 

resistance to HW degradation by microbes and insects, and typically also provide a 

darker color to the HW relative to the pale-colored SW [11] (Figure 1.1). The TEs are 

characterized by elongated and interconnected cells to facilitate water transport, and 

thick secondary walls to resist the negative pressure or tension caused by transpiration. 

In addition, wood also contains a fraction (5-25%) of thin-walled parenchyma cells in the 

form of radial bundles known as rays, and axial parenchyma cells [12,13]. In the 

transition zone (TZ) between SW and HW, the starch is used to produce and secrete 

secondary metabolites before the parenchyma cells die, resulting in HW in which all cells 

typically are dead [14–16]. In addition to developmental regulation, secondary metabolite 

production can also be triggered prematurely and closer to the bark in response to 

wounding and pathogen attack, sealing off healthy SW from the affected site [17,18].  

The process of HW formation is still not well understood and is known primarily 

from physiological and anatomical studies on a small number of species [14]. Gene 

expression during heartwood formation has been studied to a limited extent, primarily in 

scots pine (Pinus sylvestris L.) & sandalwood (Santalum album L.) [11,19]. Based on 

recent studies, the above paradigm of heartwood formation has been refined into four 

different models of HW formation. In Robinia-type trees, secondary metabolites are 

produced only in TZ and absent in SW [19–21]. In the Juglans-type, low levels of 

secondary metabolism and accumulation occurs in SW, followed by a spike in the TZ  

[23]. P. sylvestris also falls into this category, as some metabolites like diterpenoid resin 

acids are produced in the SW but most, including, stilbenes are produced in the TZ [19], 
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results in part supported by a recent transcriptomics study. In the Taiwania-type, the 

biosynthesis of secondary metabolites occurs also in SW [24,25]. Finally, in the 

Santalum-type, some parenchyma cells remain live and active in the HW. In this model, 

preferentially, precursors for mono and diterpene biosynthesis are expressed in SW 

while genes for sesquiterpene biosynthesis are expressed in HW [11], correlating with 

the sesquiterpene alcohols santalols and bergamotol, well-known components of 

sandalwood-based perfumes [26,27]. 

Due to discrepancies between species and growing places, the exact season of 

HW formation is poorly understood [21]. Most data suggest that HW forms in the dormant 

season [15,16,28]. 

 

Figure 1.1. Cross section of T. plicata stem. 

Bark: the outermost layer. Cambium: a layer of thin cells followed by bark. Pith: the centre of the 
trunk. Heartwood: darker coloured within the centre. Sapwood: lighter coloured on the outside. 
Transition zone: transition from sapwood to heartwood. 

1.2.2. Heartwood rot 

Rot or decay that develops primarily in the HW of stem is called heartwood rot. 

This rot is caused by a successive invasion of fungal agents and pathogens that can enter 

the core of the tree through open wounds, bark, or root system [7]. The fungi detoxify the 

HW substances and feed on and degrade wood components [29]. HW rot is a threat to 

the tree as it loses strength over time [30]. In a tropical forest, a variety of HW-attacking 

fungi and insects produce hollow cores that can affect over 30% of trees, including 
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softwoods and hardwoods [31]. In T. plicata, up to 30% of harvested log volumes are 

culled due to extensive HW rot [2]. More than 30 different decay-causing fungi have been 

shown to be associated with HW rot in T. plicata trees [2]. Studies have shown that two 

fungal species, Armillaria ostoyae and Coniferiporia weirii (also known as Phellinus weirii 

or Poria weirii) are the major causes of butt, root and heart rot in T. plicata trees, affecting  

up to 10% volume of coastal and 28% of interior populations [7,32,33]. Other organisms 

such as termites and bacteria can cause significant damage to T.plicata wood. In trembling 

aspen (Populus tremuloides Michx.), HW rot caused by Phellinus tremulae is the primary 

cause of volume loss in this species [34]. Moreover, HW rot in eastern white pine (Pinus 

strobus L.) causes significant volume loss, which reduces the price of lumber by 50% [35]. 

In studies of Norway spruce (Picea abies L. H. Karst.), 18-58% of 81-120 year-old trees 

were damaged by butt and root rot caused by Heterobasidion annosum [36–38]. The 

primary defense against rot is compartmentalization, where trees seal off damaged parts, 

blocking access to the rest of the tree. Another one is the inherent capability of trees to 

resist or slow down the spread of rot by the presence of toxic or fungistatic secondary 

metabolites. 

1.2.3. Heartwood rot resistance 

As mentioned, the resistance of HW against rot has been ascribed to the 

presence of secondary metabolites  [39]. In addition to rot resistance, the secondary 

metabolites reduce shrinkage and swelling of wood at different moisture levels, which 

also contribute to the durability of wood in service in outdoor environments [40]. Several 

of these secondary metabolites exhibit strong antimicrobial activity that acts as a 

defense against rot and fungus [41–43]. Taiwania (Taiwania cryptomerioides Hayata ) 

HW contains phenolics and terpenoids [8,9] which have antifungal [10], antitermite [6], 

antibacterial [11], antitumor [12,13], and anti-inflammatory [14] activities [44]. The HW of 

white-cedar (Thuja occidentalis L.) contains several sesquiterpene alcohols [45], and the 

HW of Chinese juniper (Juniperus chinensis L.) harbors many different diterpenes [46]. 

Previous reports show that the monoterpenoids nootkatin and carvacrol are linked to rot 

resistance in yellow cedar (Chamaecyparis nootkatensis D.Don 1824) [47]. The 

sesquiterpene alcohol cedrol provides resistance to termite decay in eastern red cedar 

(Juniperus virginiana L.) and western juniper (Juniperus occidentalis Hook.) [48,49]. HW 

rot resistance in European larch (Larix decidua Mill.), P. sylverstris [50] and T. 

cryptomerioides [51] is strongly correlated with high concentration of phenolics. Similar 

https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/Gustav_Karl_Wilhelm_Hermann_Karsten
https://en.wikipedia.org/wiki/D.Don
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correlations have also been found in angiosperm trees. Examples are, phenolic 

compounds such as stilbene in osage orange (Maclura pomifera Raf. Schneid.) [52], 

tannins and lignans in black locust (Robinia pseudoacacia L.) [53], flavonoids, 

naphthoquinones, and hydrolysable tannins in walnut (Juglans nigra Linnaeus) [56], 

sesquiterpene alcohols such as catalponol in southern catalpa (Catalpa bignonioides 

Walter) [55]. In honey mesquite (Prosopis glandulosa Torr.) alkaloids are reported to 

associate with HW resistance [56], which is unusual as alkaloids are better known for 

their toxicity to the central nervous system of mammals [57]. 

1.2.4. Thuja plicata heartwood rot  

As mentioned above, T. plicata trees can have long lifespans and the wood is highly 

valued for its natural durability, indicating considerable HW rot resistance. Paradoxically, 

substantial volumes of harvested logs are culled due to extensive rot (Figure 1.2) [2] and 

rot resistance is low relative to sympatric conifer species. A comparison of old growth 

trees in Southern Alaska showed that 100-year-old harvested T. plicata trees, the culled 

volume surpasses that of Western hemlock (Tsuga heterophylla Raf. Sarg.) and Sitka 

spruce (Picea sitchensis Bong. Carr.), and in 300-year-old trees, 50% of volumes are 

culled in T. plicata, whereas about 8% are culled in T. heterophylla and 5% are culled in 

P. sitchensis [58]. The same author showed that at age 100, 40% of T. plicata trees are 

afflicted by rot whereas 20% of T. heterophylla trees and 0% of P. sitchensis are afflicted 

by rot. Second-growth trees are similarly afflicted by rot [59]. As old-growth T. plicata -

containing forests are rapidly disappearing in BC, the resistance in younger trees appear 

to vary between and within trees [59,60] and this variation is thought to be associated 

with levels of HW secondary metabolites. Therefore, the amount of secondary 

metabolites is used as a proxy of durability [61]. The highest amounts of these are found 

in the HW adjacent to the SW near the base of the tree and the lowest amount are found 

near the pith [62]. Research has found that secondary metabolite levels are indeed 

heritable traits [63]. There is evidence that HW rot resistance in growing trees of T. 

plicata correlates with high levels of terpenoid tropolone (e.g., β-thujaplicin) and that high 

levels of lignans correlate with rot resistance in wood in service [10,60]. The identity of 

other classes of secondary metabolites and their potential contribution to HW rot 

resistance in T. plicata is currently unknown.  

https://en.wikipedia.org/wiki/Constantine_Samuel_Rafinesque
https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/Constantine_Samuel_Rafinesque-Schmaltz
https://en.wikipedia.org/wiki/Charles_Sprague_Sargent
https://en.wikipedia.org/wiki/August_Gustav_Heinrich_von_Bongard
https://en.wikipedia.org/wiki/Elie-Abel_Carri%C3%A8re
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Figure 1.2. T. plicata logs at a sorting station, Vancouver Island. 

 The amount of HW rot is so extensive that whole logs are culled. Blue bottle is approximately 35 
cm high.  

 

1.3. Resistance mechanisms 

Plants are subjected to a variety of biotic and abiotic stresses throughout their 

long life. Biotic stresses range from bacteria, fungi, to herbivorous insects and mammals. 

Abiotic stresses include salinity, drought, UV radiation, heat, and cold [64,65]. Plants 

have evolved constitutive and inducible defenses against these stressors [64]. 

Constitutive biotic defences act as first barriers and include structures such as bark, 

thorns and trichomes and extra cellular secretion of lignin, cutin, and suberin substances 

that are hard to degrade, and secretion of terpenoids into glands and ducts. Induced 

defences include increased production of mentioned secreted substances, additional 

secondary metabolites, pathogen-degrading enzymes, and even cell suicide a.k.a. 

hypersensitive response, to remove substrate for pathogen spread [66–69]. Moreover, 

the constitutive and induced defences can be further classified into direct and indirect 

defences. Direct defences include morphological structures and secondary metabolites. 

On the other hand, indirect defences include plant volatiles, elicitors, phytohormones 

and natural enemies of herbivores [64,67,70,71]. Studies have shown many proteins and 

enzymes also play a significant role in defense. Such examples are α-amylase inhibitors, 

lectins, proteinase inhibitors, proline-rich proteins and pathogenesis-related (PR) 

proteins, i.e., hydrolytic enzymes such as glucanases, chitinases, and other hydrolases. 
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Others are systemic acquired resistance (SAR), programmed cell death known as 

hypersensitive response and compartmentalization that creates a chemical and 

anatomical boundary at the infected site. As such, one of the most thoroughly studied 

defense tools is secondary metabolites. 

1.4. Secondary metabolites  

Secondary metabolites are organic compounds produced by bacteria, fungi, and 

plants [72]. Unlike primary metabolites, secondary compounds are not involved in 

normal growth and development, instead play a role in defense as well as in ecological 

interactions [68]. These metabolites can be either constitutively present as inactive or 

compartmentalized forms or induced upon insect or microbe attack. The former are 

known as phytoanticipins and the latter as phytoalexins [64]. More than 300,000 different 

plant secondary metabolites have been characterized [73,74]. According to chemical 

structures, secondary metabolites are classified into three major groups i.e., terpenes, 

phenolics, and nitrogen-containing compounds [75]. Among them, terpenes are the 

largest and most diverse class of plant secondary compounds.  

1.5. Other classes of secondary metabolites 

In addition to terpenes, other classes of secondary metabolites include phenolic 

compounds (i.e., tannins, coumarins, flavonoids, chromones, xanthones, stilbenes, and 

lignans), nitrogen containing compounds (i.e., alkaloids, cyanogenic glycosides, 

glucosinolates, and nonprotein amino acids), saponins, lipids (i.e., fixed oils, waxes, 

essential oils, sterols, fat-soluble vitamins, and phospholipids) and carbohydrates [75]. 

Several studies have reported their role in defense as well as in other processes. 

Tannins (i.e., hydrolysable, and condensed tannins) have protein precipitating abilities, 

and have been used for decades to convert raw animal hides into leather. They can 

protect the heartwood from fungal and bacterial decay. Colorful flavonoids such as 

anthocyanins attract pollinators; flavones and flavonols protect cells from ultraviolet 

radiation; and isoflavones, which show antimicrobial activity against bacteria and fungi. 

Alkaloids are toxic to bacteria and fungi, can disrupt the protein activity after ingestion, 

and can alter signaling in the nervous system of various animals, including humans [76].  

Since the focus of this thesis is the genetic basis of terpene defenses in T. plicata, I will 

discuss their biosynthesis in some detail below.  
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1.6. Terpenes 

The name “terpene” is derived from the Latin word “turpentine”, referring to the 

sticky resin collected typically from pine trees and used for various purposes for 

thousands of years [77]. Terpenes make up the largest group of secondary metabolites 

(over 50,000 substances). From a chemical perspective, terpenes are also referred to as 

terpenoids (or isoprenoids). Terpenes are simple hydrocarbon structures, while 

terpenoids are modified terpenes with an oxygen moiety and additional structural 

rearrangements. However, these two terms are often used interchangeably [78]. All 

terpenes are derived from the 5-carbon isoprene units, isopentenyl diphosphate (IPP) 

and its isomer dimethylallyl diphosphate (DMAPP) [8]. Subsequent condensation of IPP 

and DMAPP by prenyltransferases (PTs) produces geranyl diphosphate (GDP, C10), 

farnesyl diphosphate (FDP, C15), and geranylgeranyl diphosphate (GGDP, C20), which 

are considered universal terpenoid precursors. Additional terpenoid precursors such as 

neryl diphosphate (NDP, C10, cis isomer of GDP), as well as lavandulyl diphosphate 

(LDP) and chrysanthemyl diphosphate (CDP) which catalyzes irregular monoterpenoids 

have also been identified [79,80,81]. Specific synthases, collectively known as terpene 

synthases (TPSs) act on these universal precursors to produce a combinatorial diversity 

of terpenes [82,83]. Depending on the number of carbon atoms they possess, terpenes 

are classified as hemiterpenes (C5), monoterpenes (C10), homoterpenes (C11,16), 

sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30), 

sesquarterpenes (C35), tetraterpenes (C40), and polyterpenes (C>40) [78]. Some terpenes 

deviates from the general 5n carbon backbone, such as homoterpenes (C11 and C16), 

sterols and steroids (C27-29), referred to as irregular terpenoids [84]. 

1.6.1. Functions in plants 

Based on general toxicity, terpenoids are thought to play important roles in biotic 

stress defenses in the plant kingdom [85]. Terpenoids are well known for the defense 

against herbivores and pathogens in gymnosperms and angiosperms species [86,87]. In 

addition to toxicity, they can also act as allelopathic agents, feeding deterrents, and 

pollinator attractants. Such example includes monoterpene pinene, which is toxic to the 

worldwide damage caused by bark beetles in conifers. Other monoterpenoids such as 

linalool and 1,8-cineole serve as attractants for pollinators, while camphor acts as a 

feeding deterrent to herbivores and can also act as an allelopathic agent by preventing 
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seed germination of other species [88,89]. Numerous sesquiterpenoids act as 

phytoalexins and antifeedants that discourage opportunistic herbivory. Sesquiterpenoid 

capsidiol from tobacco (Nicotiana tabacum L.), lubimin and rishitin from potato (Solanum 

tuberosum L.), and gossypol from cotton (Gossypium arboretum L.) all act as 

phytoalexins [90–92], while polygodial from water pepper (Persicaria hydropiper L. 

Delabre) act as feeding deterrent of herbivorous insects [93]. Diterpene hydrocarbon 

casbene synthesized by casbene synthase from castor bean (Ricinus communis L.) acts 

as a phytoalexin [94]. Diterpenes confer resistance against pests and pathogens in 

particularly well-studied model plant species, including rice (Oryza sativa L.), maize (Zea 

mays L.) [95,96], N. tabacum, [97] and Arabidopsis (Arabidopsis thaliana L. Heynh). [98]. 

Mutants defective in the biosynthesis of these compounds are sensitive to infections, 

providing more direct evidence for a role in biotic defenses than correlations between 

levels of compounds and disease resistance in other species. Terpenoids serve 

important physiological and ecological functions in plants, by acting, for example, as 

growth regulators, photosynthetic pigments, electron transporters or by facilitating plant-

to-plant communication, or by providing membrane stability [99]. To name a few, 

sesquiterpene abscisic acid and diterpene gibberellins are growth regulators which 

regulate seed dormancy, seed germination, stomatal closure, stem elongation and 

flower induction [100]. Tetraterpenoids, chlorophyll and carotenoids are photosynthetic 

pigments or chromophores, crucial for photosynthesis [101]. For example, the volatile 

emissions of monoterpenes α-pinene, β-pinene, and camphene from sender plants 

induced defense in neighboring plants [102]. Polyterpenoids, plastoquinones, and 

ubiquinones, function as electron transporters [103]. Triterpenoid sterols i.e., 

phytosterols promote membrane stability [104]. Hemiterpenoid isoprene prevents cellular 

damage at high temperatures, perhaps by reacting with free radicals, stabilizing 

membrane components [105]. Many terpenoids provide aroma, flavors and colors to 

plants. To name a few, monoterpenoid eucalyptol accounts for the mint-like smell of 

eucalyptus (Eucalyptus globulus Labill.) [106] while the sweet and fruity aroma of mango 

(Mangifera indica L.) fruit depends on monoterpenes like terpinolene, 3-carene, 

caryophyllene, α-pinene and β-myrcene [107]. Valencene is a sesquiterpene, an aroma 

component of citrus fruit and its derivative, nootkatone, is one of the main components of 

the aroma and flavor of grapefruit. The flavors of cinnamon (Cinnamomum verum 

J.Presl), cloves (Syzygium aromaticum L. Merr. & L.M.Perry), and spices like oregano 

(Origanum vulgare Linnaeus), basil (Ocimum basilicum L.) and rosemary (Salvia 

https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/Eucalyptus_obliqua
https://en.wikipedia.org/wiki/Charles_Louis_L%27H%C3%A9ritier_de_Brutelle
https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/Elmer_Drew_Merrill
https://en.wikipedia.org/wiki/L.M.Perry
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rosmarinus Spenn.) come from sesquiterpene caryophyllene [108]. Tetraterpenoids β-

carotene and lycopene are natural carotenoids and impart orange and red colors to fruits 

and vegetables [109]. Certain terpenoids may also be involved in plants’ protection 

against abiotic stresses, such as exposure to high temperatures, and reactive oxygen 

species-derived oxidative damage [110]. 

1.6.2. Human uses 

Many terpenoids have pharmaceutical properties and are used to treat human 

diseases [82]. They have played a long role in traditional medicine for various purposes 

and are also used in Western medicine. Well-known examples are monoterpenoid 

camphor and cineole (also called eucalyptol), which are used as analgesic drugs to 

relieve pain caused by burns, strains, and other inflammations. Several monoterpenes, 

such as pinene, 3-carene, as well as monoterpene alcohol geraniol and thymol possess 

numerous beneficial medicinal properties, including antioxidant, anti-inflammatory, 

antimicrobial, and anticancer activities. Monoterpenoid tropolone β-thujaplicin (also 

called hinokitiol) found in Cupresssaceae heartwood has antifungal, antibacterial, 

antiviral, antiinflammatory and anticancer activity. The monoterpene alcohol menthol is 

used medicinally in ointments, cough drops, and nasal inhalers [111]. It is also used as a 

flavouring in foods, cosmetics, and perfumes. The sesquiterpene lactone artemisinin is 

used as an effective anti-malarial drug obtained from the traditional Chinese medicinal 

plant sweet wormwood (Artemisia annua L.), a plant used in medicine since 200 B.C 

[112]. Terpenoids have been used in chemotherapy of various cancers, with taxol (a.k.a. 

paclitaxel) obtained from the bark of Pacific yew (Taxus brevifolia Nutt.), a highly 

modified diterpenoid, being the to date most commercially successful compound used in 

cancer treatment [113]. Another diterpenoid, forskolin, obtained from the root of an 

aromatic herb (Coleus barbatus Andrews Benth. ex G.Don), is used in eye drops to treat 

glaucoma [114]. Diterpenoids such as tanshinones, which are abietane-type 

norditerpenoid quinones obtained from the Chinese medicinal herb red sage (Salvia 

miltiorrhiza Bunge) have various biological activities, including anticancer, anti-

inflammatory, antimicrobial, antivirus, antioxidant, and neuroprotective activities [115]. 

Triterpenoid steroids and saponin are used as anti-inflammatory and anticancer drugs 

[116]. Tetraterpenoids such as carotenoids, namely β-carotene is used as antioxidants, 

protecting cells from cancer and other diseases [117]. Terpenoids are also used in the 

chemical, agriculture, and food industries. For example, monoterpenoid tropolone β-

https://www.britannica.com/topic/flavoring
https://en.wikipedia.org/wiki/Henry_Cranke_Andrews
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/salvia-miltiorrhiza
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/salvia-miltiorrhiza
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/biological-activity
https://www.sciencedirect.com/topics/chemistry/antioxidant-agent
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/neuroprotective-agent
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thujaplicin is widely used in skin and oral care products such as soaps, lotions, hair 

tonics and toothpastes. It is also used as food and wood preservatives [118]. 

Monoterpenoid camphor is one of the most commercially important aroma chemicals 

with an annual market value of US$80–100 million [119]. Monoterpene geraniol and 

linalool from roses and orchids are extensively used in the fragrance and cosmetics 

industries because of their pleasant rose-like scent [120]. A monoterpene ester called 

pyrethroid is used as an active ingredient in commercial biopesticides [121]. Tropical S. 

album produces one of the world’s most highly prized fragrances, which are 

sesquiterpenes α-santalol and β-santalol [122]. Triterpenoid saponins are biosurfactants 

and are used as soap, hair cleanser and detergent [123]. Monoterpenes like limonene, 

linalool, 1,8-cineole are used for the aroma of lemon or lime beverages [124]. 

Tetraterpenoids such as carotenoids are used as natural colorants in food, drinks and 

cosmetics and are a natural source of vitamins [125]. Terpenoids have recently been 

exploited in the development of biofuel products. Monoterpenes limonene and β-

phellandrene, the sesquiterpenes farnesene and bisabolene and the diterpenes phytene 

and cambrene are used as replacements for transportation fuels [126].  

1.6.3. Terpene Backbone Biosynthesis 

The isoprene backbone of terpenes is synthesized by two compartmentalized 

pathways: the methylerythritol 4-phosphate (MEP) pathway present in plastids and the 

mevalonate (MVA) pathway present in the cytosol (Figure 1.3) [127,128].  

In cytosol, the MVA pathway consists of six steps and starts with the 

condensation of two molecules of acetyl-CoA to acetoacetyl-CoA (ACAC-CoA) catalyzed 

by acetoacetyl-CoA thiolase (AACT) [129]. ACAC-CoA is combined with a third molecule 

of acetyl-CoA to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) which is catalyzed by 

HMG-CoA synthase (HMGS) [130]. In the following rate-limiting step, HMG-CoA 

reductase (HMGR) catalyzes the conversion of HMG-CoA to mevalonic acid (MVA) 

[131]. MVA is finally converted into IPP via three enzymatic steps: two ATP-dependent 

phosphorylation steps, catalyzed by mevalonate kinase (MK) and phosphomevalonate 

kinase (PMK), and an ATP-driven decarboxylative elimination catalyzed by mevalonate-

5-diphosphate decarboxylase (MDD). IPP is interconverted into DMAPP by isopentenyl 

diphosphate isomerase (IDI) [84]. Condensation of IPP and DMAPP reactions facilitated 

by prenyl transferases (PTs) generates farnesyl diphosphate (FDP), which is the 
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precursor substrate used by terpene synthases (TPSs) to produce sesquiterpenes, 

triterpenes, polyterpenes, phytosterols and brassinosteroids [99]. 

In plastid, the MEP pathway consists of seven enzymatic steps. In the first 

reaction, pyruvate reacts with thiamine diphosphate (TPP) to yield hydroxyethyl-TPP, 

which condenses with glyceraldehyde-3-phosphate (GAP) to form 1-deoxy-D-xylulose 5-

phosphate (DXP) catalyzed by DXP synthase (DXS) [127]. The enzyme 1-deoxy-D-

xylulose 5-phosphate reductoisomerase (DXR) catalyzes the second step of the MEP 

pathway, in which DXP is converted into 2-C-methyl-Derythritol 4-phosphate (MEP) 

[132,133]. MEP is further converted into 4-diphosphocytidyl-2- C-methyl-D-erythritol 

(CDP-ME) by the enzyme 4-diphosphocytidyl-2-C-methyl-Derythritol synthase (MCT). 

Phosphorylation of CDP-ME by the enzyme 4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase (CMK) then leads to the formation of 4-diphosphocytidyl-2-C-methyl-D-erythritol 

2-phosphate (CDPME2P), which is subsequently cyclized by 2-C-methyl-D-erythritol 2,4- 

cyclodiphosphate synthase (MDS) into 2-C-methyl-D-erythritol 2,4-cyclodiphosphate 

(MEcDP). In the last two steps of the MEP pathway, the enzyme 4-hydroxy-3-methylbut-

2-enyl diphosphate synthase (HDS) first converts MEcDP into 4-hydroxy-3-methylbut-2-

enyl diphosphate (HMBPP) [82]. In a final branching step, HMBPP is converted by 4-

hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR) to IPP. Like in the MVA 

pathway, IPP is interconverted into DMAPP by isopentenyl diphosphate isomerase (IDI) 

[134]. Condensation of IPP and DMAPP reactions facilitated by prenyl transferases (PT), 

generates geranyl diphosphate (GDP), and geranylgeranyl diphosphate (GGDP), which 

are the precursor substrates used by terpene synthases (TPSs) to produce hemi-, 

mono-, di-, sester-, tetra-terpenes, phytohormones such as cytokinins and gibberellins, 

chlorophyll, tocopherols, and plastoquinones [135]. Besides TPSs, enzymes such as 

phytoene synthase (PHY) in the MEP pathway use GGDP as a precursor to form 

tetraterpenes such as carotenoids, whereas enzymes i.e., squalene synthase (SQS), 

squalene epoxidase (SQE) and triterpene synthase (TTS) in the MVA pathway, use FDP 

as a precursor to form triterpenes [136]. Though MVA and MEP pathways operate 

independently in different subcellular compartments, metabolic cross-talk between the 

two pathways has been reported [84]. 
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Figure 1.3. Terpenoid biosynthesis pathway. 

Schematic overview of terpenoid biosynthetic pathways. All terpenoids are derived from two 

isomeric 5-carbon precursors, isopentenyl diphosphate (IPP), and dimethylallyl diphosphate 

(DMAPP). In turn, IPP and DMAPP are formed via two pathways, the cytosolic mevalonate (MVA) 

pathway originating from acetyl-CoA and the pyruvate and glyceraldehyde-3-phosphate (G3P)–

derived 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway located in the plastids. Condensation 

of IPP and DMAPP yields geranyl diphosphate (GPP) as the precursor to monoterpenoids (C10), 

fusing GPP with an additional IPP results in the sesquiterpenoid (C15) precursor farnesyl 

diphosphate (FPP), and fusing FPP with IPP generates geranylgeranyl diphosphate (GGPP) a 

route to diterpenoids (C20). Furthermore, condensation of two FPP or two GGPP molecules forms 

the central substrates of triterpenoid (C30) and carotenoids (C40), respectively. Terpene synthases 

(TPS) are key gatekeepers in the biosynthesis of C10–C20 terpenoids, catalyzing the committed 

scaffold-forming conversion of the respective prenyl diphosphate substrates into a range of 

hydrocarbon or oxygenated structures. These TPS products can then undergo various 

oxygenations through the activity of cytochrome P450 monooxygenases (P450), followed by further 

possible functional decorations, ultimately giving rise to more than 80,000 distinct natural products. 

AACT, acetoacetyl-CoA thiolase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; DXR, 1-

deoxy-D-xylulose 5-phosphate reductase; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; HDR, 

(E)-4-hydroxy-3-methyl-but-2-enyl diphosphate reductase; HDS, (E)-4-hydroxy-3- methyl-but-2-
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enyl diphosphate synthase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, 3-hydroxy-

3-methylglutaryl-CoA synthase; IDI, isopentenyl diphosphate isomerase; MCT, MEP 

cytidyltransferase; MDD, mevalonate-5-diphosphate decarboxylase; MDS, 2-C-methyl-D-erythritol 

2,4-cyclodiphosphate synthase; MK, mevalonate kinase; P450, cytochrome P450-dependent 

monooxygenase; PHY, phytoene synthase; PMK, phosphomevalonate kinase; PT, prenyl 

transferase; SCS, squalene synthase; SQE, squalene epoxidase; TPS, terpene synthase; TTS, 

triterpene synthase. Unaltered figure reprinted from Karunanithi, P.S.; Zerbe, P. Terpene 

Synthases as Metabolic Gatekeepers in the Evolution of Plant Terpenoid Chemical Diversity. Front. 

Plant Sci. 2019, 10, 1–23, under a Creative Commons 4.0 agreement.    

 

1.6.4. Cell specialization in terpenoid biosynthesis 

Terpenoids are produced and stored in highly specialized structures [137]. In 

angiosperms species, they are stored in glandular trichomes, glandular epidermis and 

secretory cavities. In gymnosperms they are stored in tube-like resin ducts and sac-like 

blisters, as monoterpene olefins (turpentine), sesquiterpenes and diterpene resin acids 

(rosin), present in seeds, needles, bark, phloem, and xylem [138]. Since terpenoids have 

low solubility in water and are toxic to plant cells, they are typically synthesized in 

specialized cells that secrete them into extra-cellular specialized structures or cell wall 

spaces to prevent autotoxicity and to separate secondary from primary metabolic 

processes. Research has shown that these specialized cells are primarily ray cells, but 

also specialized epithelial cells in Pinaceae species and axial xylary parenchyma cells in 

Cupressaceae species [138–142]. These are living cells present in SW as the 

developmentally regulated SW to HW transition occurs [12,13,140,143]. Stored 

terpenoids appear to exert their toxic effect by diffusing into cell wall spaces, by 

volatilization to deter herbivores, and by glands breaking and releasing their content 

upon herbivory.  

1.6.5. Terpene synthases 

The chemical diversity of terpenes is driven by the stereo-specific carbocation 

cyclization, rearrangement, and elimination reactions that transform the precursors into 

distinct terpenes. This indicates that a single terpene synthase (TPS) enzyme can give 

rise to multiple products due to the stochasticity of bond rearrangement following the 

generation of the unusual carbocation intermediates. TPS enzymes can produce a wide 

range of mono-, sesqui- and diterpenes from their respective geranyl diphosphate 

(GDP), farnesyl diphosphate (FDP) and geranyl geranyl diphosphate (GGDP) substrates 

[144,145]. The TPS gene families are larger in conifers than in other organisms. Based 
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on transcriptome data of several spruce (Picea) species, spruce genomes contain on 

average at least 69 unique and transcriptionally active TPS genes. In contrast, the 

Arabidopsis and poplar genomes contain about 32 and the rice genome contains about 

31 TPS genes [146–149]. Phylogenetic analyses suggest that these genes evolved from 

a combination of gene duplication, neo-functionalization and/or sub-functionalization 

events [150,151]. The T. plicata genome was recently sequenced, resulting in an 

estimated genome size of 9.8GB and 39,659 gene models. Based on Gene Ontology 

analysis about 140 transcripts were annotated as encoding TPSs [152]. The exact 

structural features that determine the diverse product profiles of TPS enzymes are not 

known [134,146,150]. A diverse array of monoterpene synthases (monoTPSs), 

sesquiterpene synthases (sesquiTPSs) and diterpene synthases (diTPSs) have been 

cloned and functionally characterized in angiosperms and gymnosperm species 

[150,153–155]. All monoTPS enzymes use a common reaction mechanism in which 

ionization of GDP forms linalyl diphosphate (LDP). Ionization of an enzyme-bound LDP 

intermediate promotes cyclization to a six-membered ring carbocation called α-terpinyl 

cation which undergoes additional electrophilic cyclizations, hydride shifts and other 

rearrangements. The reaction is terminated by either deprotonation of the carbocation 

intermediate or capture by a nucleophile, e.g., water. As mentioned above, monoTPSs 

can produce more than one product. For instance, pinene synthase from Pineaceae can 

produce both α & β-pinene. MonoTPSs can produce acyclic (i.e., myrcene), monocyclic 

(i.e., limonene) and bicyclic (i.e., α, β-pinene) products from GDP. The same enzymes 

can also transform GDP to oxygenated products such as camphor, 1,8-cineol as well as 

alcohols (i.e., linalool, geraniol, thymol) and esters (i.e., pyrethrin). The reaction 

mechanism for sesquiterpene synthases (sesquiTPSs) closely resembles that of 

monoTPSs. The additional C5 unit permits FDP to generate a greater number of skeletal 

structures of sesquiterpenes compared to GDP. Diterpene synthases (diTPSs) catalyze 

two different types of reactions. The first reaction type resembles to mono- and 

sesquiTPSs. Products generated from such reactions are casabene and taxadiene are 

catalyzed by casabene and taxadiene synthases. In the second type of reaction, 

cyclization of GGDP by diTPSs forms labdadienyl diphosphate, also known as copalyl 

diphosphate (CDP), followed by a second cyclization carried out by the same enzyme to 

make characteristic diterpenes.  
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These types of diTPSs are known as bifunctional [156] and an example is abietadiene 

catalyzed by abietadiene synthase from Grand fir (Abies grandis Douglas ex D. 

Don Lindley). Other diTPSs have a complementary activity, converting CDP into specific 

diterpenes [157,158]. DiTPSs can make acyclic, bicyclic (labdanes, clerodanes), tricyclic 

(pimaranes, abietanes, cassanes, rosanes), tetracyclic or macrocyclic types of 

compounds. Oxidation of diterpenes forms resin acids such as abietic acid, important for 

wound sealing in conifers which are subsequently transformed into amber. The substrate 

for triterpene is squalene produced by condensation of two molecules of FDP catalyzed 

by triterpene synthase, i.e., squalene synthase. Oxidation of squalene forms 

oxidosqualene. The substrate for tetraterpene is phytone produced by condensation of 

two molecules of GGDP catalyzed by tetraterpene synthase, i.e., phytone synthase that 

produces β-carotene and lycopene. 

Mono-, sesqui- and diterpene synthases are characterized by conserved 

functional motifs (Figure 1.4) [135]. MonoTPSs have an N-terminal transit peptide for 

importing in plastids, whereas sesquiTPSs lack N-terminal transit peptide sequences, 

consistent with cytosolic localization of plant sesquiTPSs. MonoTPSs and some 

sesquiTPSs contain conserved N terminal RRX8W (where “X” can be any amino acid) 

motif and the highly conserved C-terminal aspartate-rich DDXXD motif. The RRX8W 

motif is required for the initial isomerization of GDP into linalyl diphosphate and required 

for the subsequent cyclization in cyclic monoterpenes [159–161]. Studies have shown 

that deletion of the RRX8W motif from monoterpene synthase can affect the ability of the 

enzyme to utilize GDP as a substrate [161]. The DDXXD motif is crucial for divalent 

cation (typically Mg2+ or Mn2+) assisted substrate binding and ionization [162–164]. The 

mutation of the DDXXD motif leads to decreased catalytic activity and formation of 

abnormal product [165]. Depending on domain structure, active sites, and signature 

motifs, there are three major classes of diTPSs: monofunctional class I and class II 

diTPSs and bifunctional class I/II diTPSs [166,167]. Class II diTPSs contain a conserved 

DXDD motif critical for protonation-initiated cyclization of geranylgeranyl diphosphate 

(GGDP) into the bicyclic prenyl diphosphates ent-copalyl diphosphate (ent-CDP), 

normal-CDP, or syn-CDP [168,169]. In class I diTPSs, the conserved DDXXD motif in 

the C-terminal domain is required for the diphosphate ionization-initiated cyclization and 

rearrangement of CDP to diterpene hydrocarbons [170].  

https://en.wikipedia.org/wiki/David_Douglas_(botanist)
https://en.wikipedia.org/wiki/David_Don
https://en.wikipedia.org/wiki/David_Don
https://en.wikipedia.org/wiki/John_Lindley
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Figure 1.4. Layout of mono-, sesqui-, and diterpene synthase protein sequences in conifer. 

Schematic illustration of the motif profiles of mono-, sesqui- and diterpene synthases. Reprinted 
from Genes, enzymes, and chemicals of terpenoid diversity in the constitutive and induced 
defence of conifers against insects and pathogens, by C.I. Keeling and J. Bohlmann, 2006, New 
Phytologist, 170(4), p. 660. Reprinted with permission from the publisher.   

Bifunctional class I/II diTPSs combine both reactions in a single protein where 

CDP intermediate freely diffuses from class II to the class I active site [171]. The function 

of diTPS enzymes can be altered by the steric and electrostatic control of the 

intermediate carbocations formed through substrate protonation (class II) or ionization 

(class I) [172,173]. A single amino acid substitution can lead to the redirection of diTPS 

product specificity, highlighting the functional plasticity of diTPSs and their capacity to 

evolve new functions [151,174–176].  

Several genes encoding synthases for mono-, sesqui-, and diterpenes have been 

identified in conifer species based on their potential roles in insect resistance [177–181]. 

To date, only one T. plicata monoTPS gene has been cloned. It is expressed in the 

epithelium of foliar glands and produces sabinene, the predicted precursor for the well-

known oxygenated monoterpenoid α-thujone [182].  

1.6.6. Modification of terpenes 

Terpenes can undergo various enzymatic modifications, such as oxygenation, 

hydroxylation, dehydrogenation, acylation, epoxidation, followed by further possible 
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functional decoration and structural rearrangements, giving rise to more than 200,000 

distinct natural products. These modifications are performed by oxidases such as 

cytochrome P450 oxygenases and Fe(II)/2-oxoglutarate dependent dioxygenases, as 

well as dehydrogenases, isomerases, reductases, methyltransferases, acyltransferases, 

and glycosyltransferases or in some cases by terpene synthases. Chemical analyses 

show, however, that in various organisms, terpenes are found as terpene-like or 

terpenoids, primarily with various forms of oxygenated side groups. The terpenoids 

occur as alcohols, esters, aldehydes, acids, and ketones, leading to a considerable 

diversity of terpenoids, and presumably attached diversity of chemical and biological 

activities. Over the last few decades, over 80,000 chemical structures of terpenoids have 

been discovered [183]. To date, different structural types of >1000 monoterpenes, >7000 

sesquiterpenes and >3000 diterpenes are defined [184]. In peppermint (Mentha x 

piperita L.), transformation of limonene is carried out by a microsomal cytochrome P450 

limonene 3-hydroxylase to produce oxygenated alcohol, isopiperitenol, whereas a 

reductase converts a ketone, menthone, to an alcohol, menthol, a compound 

responsible for the characteristic flavor and cooling sensation of peppermint [185]. 

Microsomal preparations from fruits of caraway (Carum carvi L.) catalyze the 

hydroxylation of limonene to monoterpenoid carveol, the key intermediate in the 

biosynthesis of carvone [186]. Diterpenes are typically found as carboxylic acids in 

conifers, better known as diterpene resin acids [96]. Biochemical studies provide 

evidence for modification of diterpenes first by hydroxylation into alcohols followed by 

oxidation into aldehydes and acids [187]. In diterpene biosynthesis, cytochrome P450 

enzymes are involved in both primary metabolism to make gibberellin and also in 

secondary metabolism to make diterpene resin acids [96]. Several conifer cytochrome 

P450-encoding genes have been cloned and shown to carry out diterpene alcohol 

oxidations into diterpene carboxylic acids [178,184,187–190]. S. album cytochrome 

P450s of the CYP76F sub-family were recently shown to hydroxylate santalenes and 

bergamotene to santalols and bergamotol [191]. T. plicata produces high amounts of 

oxygenated thujone monoterpenoids in foliage, which are associated with resistance 

against herbivore feeding, particularly ungulate browsing. Thujones are produced from 

sabinene by sabinol and sabinone enzymes. Two cytochrome P450 enzymes called 

sabinene hydroxylases catalyze the hydroxylation of sabinene to sabinol, the second 

step in the thujone pathway [192]. The other functionally characterized terpene-

modifying P450 genes of gymnosperms are involved in taxol biosynthesis in T. brevifolia 
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[193], diterpene resin acid biosynthesis in loblolly pine (Pinus taeda Carl 

Linnaeus, 1753) [184] and P. sitchensis [178], and sesquiterpenoid nootkatone 

biosynthesis in C. nootkatensis [194]. In Mexican cypress (Cupressus lusitanica Mill.), 

oxidation of terpinolene is carried out by cytochrome P450 monooxygenases, which 

generate various oxygenated monoterpenoid precursors for tropolone β-thujaplicin 

biosynthesis [195]. 

1.6.7. Regulation of terpenoid biosynthesis 

The biosynthesis of specialized terpenoids is regulated at various levels. Studies 

have shown that transcription factors (TFs), such as WRKY, myeloblastosis (MYB), 

Basic helix–loop–helix (bHLH), Ethylene Responsive Factor (ERF), Jasmonate 

Responsive ERF (JRE), Basic Leucine Zipper (bZIP) and more can regulate the 

biosynthesis of terpenoids [84]. This regulation is mainly controlled at the level of 

transcription through binding of TFs at specific promoter sequences of target genes 

[196]. For example, WRKY TFs regulate the biosynthesis of many terpenoids such as 

monoterpenoids in tomato (Solanum lycopersicum L.) [197], sesquiterpenoids 

artemisinin in A. annua [198], gossypol in G. arboretum [199] and capsidiol in tobacco 

(Nicotiana benthamiana Domin) [200], diterpenoids momilactone A in O. sativa [201] and 

taxol in Chinese yew (Taxus chinensis Rehder & E.H.Wilson Rehder) [202], and 

triterpenoids ginsenosides in ginseng (Panax quinquefolius L.) [203]. Besides TFs, the 

role of microRNAs in controlling specialized terpenoids biosynthesis has recently 

reported in A. thaliana [204]. Research has also shown that pathway intermediates and 

downstream metabolites can regulate the core terpenoid biosynthetic steps at both 

transcriptional and posttranslational levels. Since individual terpene synthases compete 

for the same substrate, the level of expression of their genes also influences the levels 

of corresponding products. Similarly, the expression level of genes required for 

modification of terpenes into specific terpenoids influence the amounts of corresponding 

terpenoid that is produced [192]. For example, the expression levels of 1-deoxy-D-

xylulose 5-phosphate synthase (DXS), catalyzing the first step in the biosynthesis of 

isoprenes, can be rate limiting in the biosynthesis of terpenes in some species and 

processes [125,205]. Consequently, DXS mutants such as those of the single functional 

A. thaliana class-I type DXS gene (DXS1) exhibit albino phenotypes [32–34]. In A. 

thaliana, overexpression of the MVA pathway intermediate 3-hydroxy-3-methylglutaryl-

CoA synthase (HMGS) not only elevated the expression of downstream gene 3-hydroxy-

https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/Species_Plantarum
https://en.wikipedia.org/wiki/Alfred_Rehder
https://en.wikipedia.org/wiki/Ernest_Henry_Wilson
https://en.wikipedia.org/wiki/Alfred_Rehder
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3-methylglutaryl-CoA reductase (HMGR), but further down sterol biosynthesis is also 

upregulated [206]. A suitable supply of the building blocks for terpenoid biosynthesis, 

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) is extremely 

crucial for efficient terpenoid biosynthesis [132]. The conversion of IPP and DMAPP into 

their respective monophosphate forms IP and DMAP catalyzed by isopentenyl 

phosphate kinase (IPK) and Nudix hydrolase enzymes can also regulate terpenoid 

biosynthesis, possibly by modulating the ratios of their diphosphate forms [207]. As 

discussed earlier, terpenoid biosynthesis is regulated by herbivore feeding, pathogen 

attack, and wounding as well as by downstream hormones such as methyl jasmonate 

(MeJA) and ethylene [142]. For example, MeJA treatment mimics bark beetle attack, 

triggering the formation of traumatic resin ducts (TRD), and increasing the amount of 

terpenoids in bark and wood of P. abies [208]. MeJA also induces the accumulation of 

monoterpenoid β-thujaplicin in C. lusitanica cultures [209].  

1.7. Thuja plicata heartwood secondary metabolites 

Secondary metabolites extracted from T. plicata HW have been studied for some 

time. T. plicata heartwood synthesizes an array of secondary metabolites in response to 

biotic and abiotic stress. The most abundant secondary metabolites are monoterpenoid 

tropolones, and fungistatic lignans [61,145,210,211]. To date, at least eight tropolone 

and eleven lignan compounds have been identified and characterized in T. plicata. The 

identified tropolones are thujaplicin (in α, β and γ isoforms), β-thujaplicinol, β-dolabrin, 

thujic acid, methyl thujate and trace amounts of nezukone, and thujin [10,61,145]. 

Among these, the most abundant are β and γ-thujaplicins [61]. In T. plicata, a high 

concentration of thujaplicins are found in the outer heartwood, which decreased closer to 

the pith [212]. Thujaplicins are strong metal chelators [213–215] preventing iron-

dependent fenton reactions during degradation of lignocellulosic cell walls [211,216]. 

The ketone structure in its molecule facilitates the formation of metal chelates in the 

presence of various metal ions. In addition to tropolones, two monoterpenes i.e., 

carvacrol and carvacrol methyl ether have also been identified in T. plicata heartwood 

extracts [217]. 

The second main group of T. plicata heartwood secondary metabolites are 

lignans such as plicatic acid, plicatin, thujaplicatin and thujaplicatin methyl ether, and 

seven other compounds at low quantities [10,61,145]. Plicatic acid accounts for 40-50% 
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of total secondary metabolites. It is a strong acid because of its highly hydroxylated side 

chain and is responsible for the red-brown color of T. plicata heartwood [218]. Plicatin, 

thujaplicatin methyl ether, thujaplicatin make up 30-40% of the total lignan content. 

Lignans are abundant in wood in service, tropolones are degraded over time and 

durability correlates primarily with lignan content [211]. Lignans have fungistatic activity 

[219]. Plicatic acid is a radical scavenger [220]. The identity of other terpenes in T. 

plicata heartwood is unknown.  

1.7.1. Biosynthesis of β-thujaplicin 

The tropolone β-thujaplicin is a natural monoterpenoid found in the wood of trees 

in the family of Cupressaceae [213,221]. It is characterized by a ring expansion from six 

to seven carbons, generating a non-benzene aromatic ring. This compound was first 

discovered in the heartwood of T. plicata [222–224] and exhibits strong antifungal and 

antitumor activities [118,224,225]. More than 80 years have elapsed since it was 

discovered and there is still a lack of information on its biosynthesis pathway. Some 

information has been gleaned by using C. lusitanica cultured cells as a model. The 

production of β-thujaplicin can be induced in these cell cultures by addition of fungal 

extracts or the hormone MeJA [209,226,227]. After elicitation, six non-volatiles oxidized 

monoterpenes such as 4- terpineol, α-terpineol, 4-hydroxyphellandric acid methyl ester, 

1,6-epoxy-4(8)-p-menthen-2-ol, p-ment-4(8)-en-1, 2-diol and β-thujaplicin and 10 

volatiles hydrocarbon monoterpenes such as α-pinene, sabinene, β-pinene, myrcene, p-

cymene, α-terpinene, limonene, βocimene, γ-terpinene and terpinolene have been 

identified from the ether extracts of cells and medium [227]. Radioisotope feeding 

experiments in these cell cultures have shown that geraniol and glucose were efficiently 

incorporated into β-thujaplicin via the MEP pathway, suggesting that the MEP pathway 

acts as a main pathway for β-thujaplicin biosynthesis, although the MVA pathway also 

contributes a minor portion of β-thujaplicin biosynthesis [222,228]. A terpene synthase 

assay revealed that terpinolene is the first olefin produced from GDP. Subsequently, 

feeding cell cultures with deuterium-labelled terpinolene further pinpoints terpinolene as 

an intermediate metabolite in β-thujaplicin production [223]. Terpinolene was the 

principal monoterpene produced, and thereafter rapidly metabolized into the ring-

expanded tropolone β-thujaplicin [227]. Feedings of suspension culture with 3-carene 

and terpinyl acetate significantly improved the production of β-thujaplicin, indicating that 

these two compounds could act as alternative substrates in biosynthesis of β-thujaplicin 

https://en.wikipedia.org/wiki/Monoterpenoid
https://en.wikipedia.org/wiki/Cupressaceae
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[229]. More investigations on this cell culture have shown that microsomal fractions from 

cells oxidized terpinolene into the hydroxylated compound 5-isopropylidene-2-

nethylcyclohex-2-enol (IME) as a sole reaction product. A second microsomal reaction 

revealed that IME was selectively oxidized into the epoxidized compound 1,6- epoxy-

4(8)-p-menthen-2-ol (EMO) to generate β-thujaplicin [195,230]. Experiments on kinetics 

and with specific inhibitors confirmed that these reactions were caused by cytochrome 

P450 monooxygenases, respectively [195]. The enzymatic function required for the ring 

expansion of EMO into β-thujaplicin is still unknown and the intermediate between EMO 

and β-thujaplicin biosynthesis is also unknown (Figure 1.5).  

 

Figure 1.5. Predicted β-thujaplicin biosynthesis pathway. 

1) GPP (geranyl diphosphate) a.k.a. GDP 2) Terpinolene 3) IME (5-isopropylidene-2-
nethylcyclohex-2-enol) 4) EMO (1,6- epoxy-4(8)-p-menthen-2-ol) 5) β-thujaplicin. Adapted from 
Fujita, K.; Bunyu, Y.; Kuroda, K.; Ashitani, T.; Shigeto, J.; Tsutsumi, Y. A Novel Synthetic 
Pathway for Tropolone Ring Formation via the Olefin Monoterpene Intermediate Terpinolene in 
Cultured Cupressus Lusitanica Cells. J. Plant Physiol. 2014, 171, 610–614. 

Tropolone biosynthesis pathways have been elucidated only in two fungal [231] 

and one bacterial [232] species. The pathways in plants have not been uncovered yet 

except for the alkaloid compound colchicine present in the seed of the flower autumn 

crocus (Colchicum autumnale L.). However, the origin and the pattern of ring formation 

is different from those of β-thujaplicin [233,234]. There is evidence from work with two 

related fungal species (Penicillium stipitatum, Penicillium puberulum) that Fe(II)-

dependent dioxygenase enzymes catalyze the oxidative ring expansion of 

cyclohexadienone from six to seven carbons to produce fungal tropolones e.g., stipitatic 

acid and puberulic acid [231]. In E. coli, an epoxide hydrolase enzyme converts 

spiroepoxide into 6-hydroxy-6-hydroxymethylcyclohexa-2,4-dienone through an oxidative 

dearomatization process. In the presence of Fe(II)-dependent dioxygenase, 2,4-dienone 
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undergoes pinacol-type rearrangements resulting in ring extension reaction to form 2-

tropolone [232]. In bacteria, phenylacetic acid is the precursor of the seven-member ring 

tropolone, which itself is derived either directly, or indirectly via phenylalanine, from the 

shikimate pathway [232], while fungi use a polyketide route [231] and in plants, 

originates from alkaloids and terpenes is known [223,234]. 

1.7.2. Fe(II)/2-oxoglutarate dependent dioxygenases  

Oxygenase enzymes catalyze the formation of oxygenated compounds through 

C−H activation reactions. Oxygenase enzymes are divided into monooxygenases and 

dioxygenases. The monooxygenase category includes the cytochrome P450s and flavin-

dependent oxygenases, where one oxygen atom is incorporated into the product and the 

other is being reduced to water by the cofactor NADPH. Whereas the dioxygenase 

category includes non-heme iron (II)/2oxoglutarate dependent dioxygenases (2OGDs), 

which incorporates both oxygen atoms into the product [235]. In plants, apart from 

cytochrome P450s, the 2OGD superfamily constitutes the second-largest family of 

enzymes [73,236]. They are non-heme iron-containing proteins, localized as a soluble 

protein in the cytosol. The catalytic core of these enzymes contains the conserved 

HXD/EXnH motif required for Fe(II) binding, and the RXS motif for 2-oxoglutarate 

binding [237]. The majority of 2OGDs require Fe(II) as a cofactor and 2-oxoglutarate and 

molecular O2 as cosubstrates, producing CO2, succinate, and Fe(IV)-oxo intermediate as 

coproducts. The latter reacts with substrate C–H to form an alcohol concomitant with 

reduction of Fe(IV) to Fe(II). These enzymes have a multifunctional capacity, catalyzing 

several types of reactions by a single enzyme. Such reactions are hydroxylation, 

demethylation, sequential oxidation, ring formation, ring expansion, halogenation, 

epoxidation, dehydrogenation, desaturation, cyclizations, and rearrangements 

[235,238,239]. The reaction mechanisms are known to be like cytochrome P450s. 

Previously, the capability of ring expansion by 2OGDs was reported in fungus and 

bacteria [231,232,240]. In general, the biological functions of 2OGDs involve either 

primary or secondary metabolism. Their secondary metabolic roles in plants and 

microbes principally involve biosynthesis or degradation/recycling of small molecules. 

Their primary metabolic roles include nucleic acid repair, transcriptional/protein 

biosynthesis regulation, lipid metabolism, hypoxia sensing, and collagen/collagen-related 

protein biosynthesis [241]. Several 2OG-dependent dioxygenases have previously been 
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functionally characterized. Such examples are S. miltiorrhiza 2OGD, involved in abietane 

type diterpenoid biosynthesis that catalyzes the hydroxylation of sugiol to produce 

hypargenin and crossogumerin [237].  

2OGDs are divided into three classes: DOXA, DOXB, and DOXC, based on sequence 

similarity [73]. DOXA and DOXB are typically involved in processes like demethylation of 

nucleic acids and histones, proline hydroxylation during post-translation modification. 

Whereas the DOXC family, in which the majority of 2OGDs are included, is involved in 

primary and secondary metabolism. More than 100 genes for putative 2OGDs in 

flavonoid biosynthesis have been identified in the A. thaliana and O. sativa genomes, 

suggesting their structural diversity is catalyzed by various oxidative modifications [73]. 

Moreover, biochemical information on 2OGDs is limited because of the limited 

availability of their substrates, impeding our understanding of the enzymes in this 

superfamily. 

1.8. Silvicultural effects on Thuja plicata rot resistance 

Silvicultural practices have long been used to improve the quality and production 

of timber crops. For instance, stumping is a type of silviculture treatment in which stumps 

and roots are removed before plantation. The aim is to reduce root and heartwood rot 

disease in T. plicata caused by fungal pathogens i.e., Armillaria ostoyae and Phellinus 

weirii. Research has shown that residual tree stumps and woody debris act as a food 

base for the fungi to spread between stump and planted trees through rhizomorphs and 

eventually kill the trees [242,243]. Another silviculture strategy is species admixture i.e., 

plantation of disease tolerant species such as T. plicata with disease-susceptible 

species e.g., Douglas fir (Pseudotsuga menziesii Mirbel Franco) [244]. Stumping has 

potential economic benefits for coniferous trees [245,246]. Research has found that 

stumping can increase forest productivity by $141/ha more than unstumped stands 

[245,247]. In addition, stump removal increases carbon stock in forest soils. Both 

stumping and tree species composition can also have an impact on the soil microbial 

community. Studies have shown that these treatments can promote the growth of 

beneficial microbes residing in soil that suppress root disease [248]. Disruption of this 

association between plants and microbes could have negative effects on nutrient 

absorption, affecting the growth and development of plants. 

https://en.wikipedia.org/wiki/Charles-Fran%C3%A7ois_Brisseau_de_Mirbel
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Silvicultural practices may affect the properties of heartwood and its secondary 

metabolites. However, a limited amount of research has been done to evaluate the 

silviculture treatment effects on T. plicata. Treatments such as thinning, and fertilization 

have no significant effect on growth and the amount of secondary metabolites in T. 

plicata [249]. In contrast to that, interesting findings were observed in a long-term 

research study established in a managed forest site near Salmon Arm, BC. In this study, 

two silviculture treatments, i.e., stumping and tree admixture, were tested. After 50 

years, research has found that stump removal can reduce butt rot caused by A. ostoyae 

in T. plicata from 18% to 2% compared to unstumped plots. Moreover, the tree survival 

rate is higher in stumped plots than in unstumped plots [244]. This study also found a 

significant effect of these treatments on wood density; highest for monoculture T. plicata 

and lowest for T. plicata growing with P. menziesii [7]. High wood density is a desirable 

attribute as it provides greater strength, stiffness as well as resistance to decay [250].  

Abiotic conditions such as drought, temperature, light as well as climate change 

can also affect the overall outcome of these treatments [251]. For example, drought and 

associated higher temperatures may accelerate levels of tree mortality, either directly via 

decreased photosynthesis rates and cellular damage, and indirectly, via compromised 

ability to defend against insects and pathogens [252]. Physiological studies on several 

conifer species have shown that high wood density trees have a slow growth rate, 

narrow tracheid lumen and thus low hydraulic conductivity during drier conditions. Trees 

with such properties are considered more drought resistant varieties [253]. Conversely, 

trees with large tracheid lumen with low cell wall thickness have more hydraulic 

conductivity but also increase the risk for cold or drought induced embolism [254,255]. 

Moreover, it has been found that wood density increases with an increasing proportion of 

latewood and decreases with an increasing ring width [256]. 

1.9. Hypotheses and intended objectives 

Every year, Canada generates over $1 billion from T. plicata trees from lumber 

sales [1]. Paradoxically, up to 30% of harvested volumes are lost due to extensive 

heartwood fungal rot, thus reducing revenues significantly [2]. Second-growth forests are 

nowhere near as valuable as old growth forests, producing less volume and wood that is 

less durable for outdoor wood products. To date, the decay in T. plicata is still not well 

understood but appear to involve an initial succession of fungal species that enter 
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through existing basal lesions and roots and detoxifies heartwood secondary metabolites 

[2,7,257,258].  

Western redcedar timber has, in the past, been largely harvested from primary 

old-growth forests in Canada. To improve harvesting practices, there has been a 

momentum to adopt planting and harvesting of second-growth T. plicata. Second-growth 

T. plicata has been found to be susceptible to a host of fungal pathogens, such as those 

responsible for cedar leaf blight and heartwood rot [259]. Thus, Canada's T. plicata tree 

improvement programme is currently focused on breeding trees for improved growth, 

heartwood durability and resistance to disease and herbivores [260]. Previous research 

has shown heartwood rot resistance is largely attributed to production of antimicrobial 

secondary metabolites in ray cells in the sap to heartwood transition zone [3,4]. The 

primary heartwood secondary metabolites in this species are terpenoid tropolones and 

phenolic lignans [5,6]. Research has shown a weak correlation of rot resistance with the 

amount of tropolones in living trees. Whereas a stronger correlation has been found with 

lignans for wood in service [115,173]. Tropolone β-thujaplicin has free radical 

scavenging activity, making heartwood toxic to fungi [10]. Although its biosynthesis 

pathway has been defined by isotope experiment in C. lusitanica, the genes and 

enzymes involved in this pathway are unknown. 

Currently, the chemical and genetic basis of heartwood rot resistance in T. 

plicata is not understood. Moreover, it takes ~20 years of growth before the main 

secondary metabolites, tropolones and lignans, accumulate in the heartwood [7,8]. Thus, 

there is a need to develop DNA markers that correlate with high levels of key secondary 

metabolites that can be used for early selection for heartwood rot resistance in T. plicata. 

T. plicata is unusual among conifers in that low to no inbreeding depression and can 

easily be self fertilized. Through genomic selection and early age flowering with 

gibberellin sprays, the breeding cycle can be reduced from 20 to 2 years [261]. 

Development of DNA markers would for the first time enable generational breeding for 

rot resistance, an issue that currently results in > $100 million losses each year. 

Here we set out to identify and functionally characterize genes expressed during 

the heartwood formation process. While HW formation and rot resistance have been 

studied from a chemical perspective for the past 100 years, only a few genes with roles 

in these processes have been characterized in any tree species. The identification of 
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relevant genes and enzymatic activities proposed here may provide the target material 

for marker-assisted early selection breeding for rot resistance in this species. There is 

also the prospect of identifying the first genes and enzymes carrying out the critical 

expansion of the monoterpene ring into the seven-carbon ring β-thujaplicin. No such 

enzyme has, to date, been characterized for tropolone biosynthesis in plants. Such a 

discovery may also be of more general interest due to the established microbial toxicity 

of tropolones. 

To date, the genetic basis of β-thujaplicin biosynthesis in any species is currently 

unknown. Based on chemical structures as well as the feeding and radiolabel tracing 

experiments described above, genes encoding terpinolene synthase and possibly also 

3-carene and terpinyl acetate synthases are primary candidates for the first dedicated 

step in β-thujaplicin biosynthesis [223,229]. We generated transcriptomes from different 

wood fractions of T. plicata trees and identified two contiguous sequences encoding 

putative monoterpene synthases that are highly upregulated in the sapwood to 

heartwood transition zone in which secondary heartwood metabolites are produced. We 

described three cDNAs encoding three putative diterpene synthases that are highly 

upregulated in the SW (Sapwood) to HW (Heartwood) transition zone. Here we are 

using gene expression during heartwood formation as a proxy of heartwood resistance. 

 We tested these hypotheses by comparing the gene expression levels between 

stumped and unstumped and different tree mixtures at two different time points, June, 

and August.                   

This research is based on the following hypotheses: 

I. Chapter 2: One or several genes expressed where heartwood is formed and 

that encode putative monoterpene synthases produce the first dedicated 

precursor to β-thujaplicin, terpinolene.  

 

II. Chapter 3: Three Diterpene synthases expressed in the heartwood to 

sapwood transition zone are monofunctional enzymes and synthesize 

hitherto unknown diterpenes in the T. plicata heartwood.  
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III. Chapter 4: One or more identified dioxygenases catalyze the ring expansion 

resulting in β-thujaplicin. 

 

IV. Chapter 5: A 50-year-old silvicultural treatment results in gene expression 

differences to this day, and RNA-seq can be used to shed light on potential 

explanations for that. 

 

The research demonstrates the following significance: 

I. Chapter 2: First genetic and biochemical evidence for terpinolene synthase and 

3-carene/terpinolene synthase activities in T. plicata heartwood formation, 

providing candidates for first dedicated step in β-thujaplicin biosynthesis, the 

most abundant tropolone in T. plicata heartwood. 

 

II. Chapter 3: To date, no gene has been identified in T. plicata with a potential role 

in the biosynthesis of diterpenes during heartwood formation. We also 

characterized their enzymatic activities, revealing hitherto unknown functions in 

this species. The identity and functions of diterpenes in T. plicata heartwood are 

unknown, as are the genes behind their biosynthesis. These genes and their 

enzyme products add to a picture of heartwood rot resistance hitherto focused 

entirely on tropolones and lignans in T. plicata.  

 

III. Chapter 4: The genetic and molecular basis of tropolone biosynthesis is unknown 

in any plant species. The discovery of a gene and its enzyme carrying out the 

ring expansion characteristic of a plant tropolone would be a novelty, provide an 

avenue to similar functions in other plant species and provide an obvious 

target(s) for selection for rot resistance in T. plicata.  

 

IV. Chapter 5: First gene expression study on mature T. plicata growing in natural 

forest. The results shed light on how a 50-year-old treatment can affect wood 

quality to this day and may influence the selection of sites at which similar 

treatments should be done to improve yield and wood quality. 
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Chapter 2. Identification of two monoterpene synthases 

and one sesquiterpene synthase expressed during 

heartwood formation in Western redcedar (Thuja plicata) 

trees 

2.1. Materials and Methods 

  
2.1.1. Plant Material and RNA isolation 

Stem sections of approximately 60-year-old T. plicata trees in the forest of Simon 

Fraser University campus were cut with a chain saw, frozen in liquid nitrogen and stored 

at −80°C. Samples were cut with chisel and hammer into following fractions: bark to 

cambium including phloem and excluding most dead outer bark, ~2 cm outer sapwood, 

~2 cm inner sapwood, and transition zone consisting of two annual rings of sapwood 

and two rings of heartwood. Sticks of samples were freeze-dried for 3 days, milled to 

≤0.5 mm particle size. To recover low concentration of RNA, approximately 1.5 g powder 

was rehydrated in ice-cold extraction buffer (2% CTAB; 200 mM Tris, pH 8.0; 50 mM 

EDTA, pH 8.0; 1 M NaCl; 0.5% activated charcoal; 1.5% polyvinylpolypyrrolidone; and 

1.5% β-mercaptoethanol), ground in liquid nitrogen and transferred to Oakridge 

centrifuge tubes. After evaporation of nitrogen, 10 mL pre-warmed (65°C) extraction 

buffer was added, mixed, and tubes were incubated in a water bath (65°C) for 10 min.  

The homogenate was extracted twice with an equal volume of chloroform (13,000 

Relative Centrifugal Force (RCF) at the bottom). The aqueous phase was mixed with an 

equal volume of 100% isopropanol and kept at −20°C for 2–3 h to precipitate nucleic 

acids. After centrifugation at 17,000 RCF at the bottom of the tubes, the pellet was 

resolubilized in 0.5 mL SSTE (1 M NaCl; 0.5% SDS; 10 mM Tris-HCl, pH 8.0; and 1 mM 

EDTA, pH 8.0) buffer followed by chloroform extraction. The RNA was precipitated 

overnight on ice with ¼ volume of 10 M LiCl at 4°C in 1.5 mL tubes. After 30 min 

centrifugation at 14,000 RCF at 4°C, the pellet was washed in 75% ice-cold ethanol, 

dried, and resuspended in diethylpyrocarbonate (DEPC)-treated water. RNA integrity 

was analyzed by bleach gel electrophoresis [262]. Residual DNA was removed, and first 

strand cDNA synthesized (AccuRT genomic DNA removal, EasyScriptTM cDNA 

synthesis kit, abmgood.com). 
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2.1.2. Selection of candidate genes 

An RNA-seq analysis identified an estimated 50,000 different transcripts that are 

expressed in T. plicata wood. Among them, approximately 800 are upregulated in the 

sapwood to heartwood transition zone [263]. From these 800 transcripts, 20 different 

putative TPS-encoding genes were identified, based on sequence similarity to known 

conifer terpene ORFs. Among them, three transcripts encoding full-length putative T. 

plicata monoterpene synthases (TpTS1 and TpCS1) and one sesquiterpene synthase 

(TpES1) were selected. The de-novo assembled contiguous sequences were confirmed 

by polymerase chain reaction (PCR) amplification from cDNA, cloning, and Sanger 

sequencing. The accession numbers were for TpTS1 and TpCS1, are OM324392 and 

OM324393, respectively. BLASTX and BLASTP were used to assess sequence 

similarity to other known TPS sequences. Multiple alignment of protein sequences was 

conducted by UniProt Align tool [264] and the conserved motifs were visualized by 

Jalview software [265]. The plastid transit peptide in the ORFs of the selected TPS 

genes was identified with iPSORT and TargetP1.1 [266,267] and deleted during plasmid 

cloning. 

2.1.3. Molecular cloning of mono- and sesqui TPS genes 

To isolate the open reading frame (ORF) of mono- and sesqui TPS cDNAs two 

sets of primers were designed for PCR amplification (Table B.2). The online Expasy 

translate tool was used to double-check the continuity of the ORF-His tag fusion protein. 

A nested polymerase chain reaction (PCR) was performed to amplify three predicted full 

length TPS cDNAs with the first set of primers according to CloneAmpTM HiFi PCR 

premix (Takara Bio, Kusatsu, Japan) protocol with a 59°C annealing temperature. PCR 

products were diluted 100-fold in water and used for a second round of PCR (60°C 

annealing temperature) using a second set of primers designed to delete the transit 

peptide and generate an N-terminal fusion to a His tag after cloning. Resulting single 

band products were cloned into SspI (New England Biolabs, Ipswich, USA) digested 

pETHis6GST expression vector (Addgene, Watertown, MA, USA) using the In-Fusion 

HD Cloning kit (Takara Bio Inc., San Jose, CA, USA). To verify the full-length sequence 

via sequencing, construct was first transformed into Stellar chemically competent cells 

(Takara Bio, Inc.). Colonies harbouring plasmid with insert were identified by colony 
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PCR. Plasmids were purified and inserts were Sanger-sequenced from both directions. 

Sequences contained an ORF with N-terminal His tag followed by in-frame fusion to the 

predicted original mono- and sesquiterpene synthase peptide.  

2.1.4. Prokaryotic expression and purification of recombinant TPS 

enzymes 

Recombinant protein expression and purification were performed as described 

[146]. For the overexpression of putative terpene synthase genes, the ORF-containing 

vector was transformed into BL21 StarTM (DE3, ThermoFisher, Waltham, MA, USA) 

chemically competent E. coli cells. To functionally express TPS genes, four individual 

colonies of transformants were inoculated in 5 mL Luria-Bertani (LB) medium 

supplemented with 35 µg/mL Kanamycin and cultured overnight at 37°C, at 225 rpm. 

The following day, bacterial cell suspension was diluted 1:50 with Terrific Broth medium 

with the same concentration of antibiotic. Incubation was continued at 37°C until an 

OD600nm reached 0.9. Cultures were then cooled on ice for 20 min and protein expression 

induced by the addition of IPTG to a final concentration of 0.2 mM. The incubating 

temperature was lowered to 16°C and grown for another 19 h at 220 rpm. Cells were 

harvested by centrifugation at 4°C, 5000 RCF for 30 min and pellets were used 

immediately or stored at - 80°C. Cell pellets were resuspended and disrupted by 

sonication in 3 mL fresh lysis buffer (20 mM NaPO4, 500 mM NaCl, 30 mM imidazole, 1 

mg/mL DNase, 1 mg/mL RNase, 100 mM MgCl2, 200 mM PMSF, and 25 mg lysozyme, 

pH 7.4) for 3x15 s, 30 s off between, 30% strength followed by another 3x15 s 

sonication. The cleared lysates were collected by centrifugation (30 min, 12,000 RCF, 

4°C). The supernatant was removed and loaded onto His Spin Trap Ni-affinity columns 

(GE Healthcare, Chicago, IL, USA) to purify His-tagged recombinant protein following 

the manufacturer’s protocol. Purified enzymes were desalted into buffer (25 mM HEPES 

pH 7.2, 100 mM KCl, and 10% glycerol) at 4°C, using PD Mini-Trap G-25 desalting 

columns (GE Healthcare). Protein concentrations were determined on a nanodrop 

instrument (ThermoFisher, Waltham, MA, USA) and assayed immediately for enzyme 

activity. Purified protein samples were also examined on a pre-cast 10% SDS-

polyacrylamide gel (data not shown, Bio-Rad Laboratories Inc., Montreal, QC, Canada) 
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2.1.5. In Vitro Enzyme assays 

Standard enzyme assays were carried out in a total volume of 250 µl with 

approximately 50 µg of purified protein, buffer (25 mM HEPES, pH 7.2, 100 mM KCl, 10 

mM MnCl2, 5 mM fresh DTT, 10% glycerol) and 8 µg GDP for monoterpene synthase 

assay; (25 mM HEPES, pH 7.2, 10 mM MgCl2, 5 mM DTT, 10% glycerol, and 8 µg FDP 

((E, E)-farnesyl diphosphate) for sesquiterpene synthase assay; (50 mM HEPES pH 7.2, 

100 mM KCl, 7.5 mM MgCl2, 20 µM MnCl2, 5 mM fresh DTT, 5% glycerol, and 8 µg 

GGDP ((E,E,E)- geranylgeranyl diphosphate) for diterpene synthase assay. All 

substrates were purchased from Sigma-Aldrich (Oakville, ON, Canada). The mixture 

was overlaid with 250 µl of pentane, with addition of 10 ppm IBB (Isobutyl benzene) as 

internal standard, to trap terpene products during the assays, and incubated at 30°C for 

1 h. The reaction was stopped by vortexing for 30 s to extract terpene products into 

pentane layer. To separate the phases, samples were frozen at -80°C, thawed and 

centrifuged for 30 min at 1000 RCF at 4°C. Controls were performed under the same 

condition using the purified product from empty expression vector without any TPS 

cDNA and tested for their product formation. 

2.1.6. Product identification by GC-MS analysis 

      GC-MS analysis was performed on an Agilent 6890 gas chromatograph 

coupled to an 7683B series autosampler and 5975 Inert XL Mass Selective Detector 

(Agilent Technologies, Santa Clara, CA, USA). Compounds were separated on an 

Agilent DB1MS column (30 m x 0.25 mm ID, 0.25 μm film) at 35 cm/s with a He flow of 

0.9 mL/min. The Inlet was operated splitless at a temperature of 250°C, pulse pressure 

40 psi. The following temperature program was used: initial temperature of 40°C, 3 min 

hold, and 15°C /min ramp to 300°C, 5 min hold. Compounds were identified by 

comparing retention times and mass spectra with those of authentic standards or 

Wiley125 MS-library (Wiley Publishing, Hoboken, NJ) matches. The retention indices of 

the identified compounds are provided in Table B.3. The authentic standards were 

purchased from Sigma-Aldrich. The identity of elemol which was confirmed by running 

elemi essential oil that produces elemol as one of the constituents of the oil. The elemi 

essential oil was purchased from Aromatics Canada Inc. 

2.2. Results 
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2.2.1. Identification of Thuja plicata mono- and sesquiterpene 

synthase genes  

From a T. plicata stem transcriptome, three contiguous sequences encoding putative 

mono- and sesquiterpene were retrieved by using other conifer terpene synthase cDNAs 

as queries in BLASTX searches (Figure A.1). Based on results presented below, the 

sequences were named Thuja plicata Terpinolene synthase 1 (TpTS1), Thuja plicata 

Carene Synthase1 (TpCS1) and Thuja plicata Elemol synthase 1 (TpES1). Deduced 

amino acid sequences of the open reading frames of TpTS1, TpCS1 and TpES1, 

resembled most closely known conifer mono- and sesquiTPSs. The contiguous cDNA 

sequences of TpTS1, TpCS1 and TpES1 were 2108bp, 2057bp and 1993bp in length, 

along with predicted open reading frames encoding 614, 615 and 569 amino acids 

residue proteins, respectively. The molecular masses are predicted to be 70.83, 70.47 

and 65.46 kDa, respectively. The full-length transcript sequences were confirmed by 

polymerase chain reaction (PCR) amplification from cDNA, cloning, and Sanger 

sequencing. The sequences of TpTS1 and TpCS1 were deposited in GenBank and 

given the accession numbers OM324392 (TpTS1) and OM324393 (TpCS1). A search of 

NCBI GenBank using the predicted TpTS1 and TpCS1 protein sequences as queries 

identified the highest sequence similarity hits with monoterpene synthases from several 

conifer species with percentage identities ranging from 47 to 71% (Table 2.1). 

Table 2.1. Sequence similarity between TpTS1 and TpCS1 and top (5) hits in NCBI 

Genbank. 

Species  Protein 
activity 

Accession # Similarity to 
TpTS1 (%) 

Similarity to 
TpCS1 (%) 

Chamaecyparis 
formosensis 

α-pinene 
synthase 

EU099434.1 
 

52.36% 71.90% 

Abies grandis Myrcene 
synthase 

O24474.1 50.71% 53.66% 

Thuja plicata Sabinene 
synthase 

KC767281.1 49.84% 54.78% 

Picea abies (+)-3-carene 
synthase 

Q84SM8 49.74% 52.15% 

Pseudotsuga 
menziesii 

terpinolene 
synthase 

AAX07264.1 47.89% 50.87% 

 

https://www.ncbi.nlm.nih.gov/protein/O24474.1?report=genbank&log$=prottop&blast_rank=71&RID=K3C6SFF5013
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TpES1 showed the highest sequence similarity with sesquiterpene synthases, with 

34.92% similarity to Chamaecyparis formosensis β-cadinene synthase and 41.69% 

similarity to Abies grandis γ-humulene synthase. A phylogenetic analysis, including 

conifer mono-, sesqui- and diterpene synthases showed that TpTS1 and TpCS1 

clustered with monoterpene synthases (Figure 2.1). Among conifer monoterpene 

synthases, TpTS1 and TpCS1 separated from the Pinaceae family of conifers to form a 

clade with a sabinene synthase, TpSS1, identified from the same species [182] and Cf-

Pin, from Chamaecyparis formosensis, which is also a Cuppressaceae species [268]. 

TpES1 formed a separate clade with sesquiterpene synthases. 

 

Figure 2.1. Phylogenetic tree of conifer mono-, sesqui- and diterpene synthases.  

Phylogenetic analysis was performed with 39 full-length mono, sesqui- and diterpene synthases. 

Proteins identified in this study are highlighted in red. TPS (Terpene synthases) of the 

Cupressaceae cluster apart from TPS of the Pinaceae, indicative of the independent 

diversification and evolution of specific TPS functions in the Cupressaceae and the Pinaceae. 

The tree is rooted with bifunctional diterpene synthase ent-CPS/ent-kaurene from the moss 

species Physcomitrella patens (PpCPS/KS). Numbers indicate bootstrap support of 100 
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repetitions. The full abbreviation of the protein sequences and corresponding accession numbers 

are listed in Table B.1. 

 

2.2.2. Predicted proteins of TpTS1, TpCS1 and TpES1 harbour the 

functional motifs typical of terpene synthases 

When the predicted open reading frames (ORFs) of the TpTS1, TpCS1 proteins 

were aligned with related conifer monoTPS ORF, the predicted conserved N-terminal 

RRX8W motif and the C-terminal aspartate-rich DDXXD motif aligned well, showing that 

they are present and intact in the TpTS1 and TpCS1 ORFs (Figure 2.2). In addition, 

analysis using prediction software (see materials and methods) indicated the presence 

of putative N-terminal chloroplast transit peptides in the TpTS1 and TpCS1 ORFs. Taken 

together, the predicted TpTS1 and TpCS1 proteins contain all three of the functional 

motifs expected of functional monoTPSs. The alignment of the predicted TpES1 protein 

with conifer mono- and sesquiTPSs revealed the presence of C-terminal DDXXD motif 

but a defective RRX8W motif. TpES1 also lack a transit peptide, indicating that it may 

localize to the cytosol, consistent with sesquiTPSs from various species. 

 

Figure 2.2. Putative catalytic motifs in TpTS1, TpCS1 and TpES1. 

Amino acid alignments of T. plicata TpTS1, TpCS1 and TpES1 with Pseudotsuga menziesii 

terpinolene synthase (PmeTPS2, AAX07264.1), Picea abies (+)-3-carene synthase (PaJF67, 

Q84SM8.1), T. plicata sabinene synthase (TpSS1, AGO02736.1), Chamaecyparis formosensis α-

pinene synthase (Cf-Pin, C3RSF5.1), Chamaecyparis formosensis β-cadinene synthase (Cf-Cad, 

I1ZHA5.1), Abies grandis γ-humulene synthase (Agfghum, O64405.1). Full-length alignments are 

shown in Figure A.2. 
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2.2.3. TpTS1, TpCS1 and TpES1 are expressed at elevated levels in 

the sap to heartwood transition zone  

Differential expression analyses of RNA-seq results showed that transcript levels 

of both TpTS1 and TpCS1 and TpES1 were elevated in the sap to heartwood transition 

zone (TZ), relative to bark (B), outer sapwood (OS) and inner sapwood (IS) (Figure 2.3). 

The transcript levels of TpTS1, TpCS1 and TpES1 were approximately 16, 166 and 191 

times higher in the TZ relative to the other fractions of the stem. The statistical analyses 

showed a significant difference in expression for TpCS1 (p value <0.0002) and TpES1 (p 

value <0.035). Although, the expression of TpTS1 was higher in transition zone, the 

expression difference relative to other fractions was not significant. Taken together, 

these results demonstrate these putative terpene synthases are upregulated in the 

transition zone, and that their expression is higher than the average for genes expressed 

in the transition zone.  

 

Figure 2.3. TpTS1, TpCS1 and TpES1 are expressed at elevated levels in the sap to 
heartwood transition zone. 

Expression of TpTS1, TpCS1 and TpES1 in RNA-seq libraries derived from four different 

fractions of T. plicata wood. B-bark, OS-outer sapwood, IS-inner sapwood, TZ-sapwood to 

heartwood transition zone. Standard error bars were calculated based on two biological 
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replicates. TMM (trimmed mean of M-values) normalized TPM (transcripts per million) values 

were used to calculate relative expression levels. Statistical differences in different fractions were 

determined in JMP 15.0.0 by two-way ANOVA and Tukey HSD tests. 

 

2.2.4. TpTS1 produces terpinolene and TpCS1 produces 3-carene and 

terpinolene from geranyl diphosphate 

To determine the function of TpTS1 and TpCS1, cDNAs were cloned into an 

expression plasmid, protein produced in E. coli cells, and Histidine-tagged recombinant 

proteins were purified. Enzyme assays using the TpTS1 and TpCS1 proteins and the 

substrates for sesqui- and diterpene synthases, i.e., farnesyl diphosphate (FDP) and 

geranyl geranyl diphosphate (GGDP), yielded no product (data not shown). In contrast, 

incubation of TpTS1 protein with the monoterpene substrate geranyl diphosphate (GDP) 

resulted in a single major product with a gas chromatography-mass spectrometer (GC-

MS) retention time and mass spectrum identical to a terpinolene standard (Figure 2.4). 

This gene and protein were therefore named T. plicata terpinolene synthase 1 (TpTS1). 

Assays with the TpCS1 protein and GDP resulted in GC peaks and mass spectra 

identical to 3-carene (80% of total peaks) along with terpinolene (14% of total peaks), α-

pinene (3% of total peaks), α-fenchene (0.6% of total peaks), myrcene (0.2% of total 

peaks) (Figure 2.5). For TpCS1, the determination of above percentage is relative 

assuming the response factor [269] for each peak is same. Terpene identification was 

further validated by comparing retention times and mass spectra with a library. Extracts 

prepared from the same E. coli strain transformed with a plasmid lacking cDNA insert did 

not yield any detectable monoterpene (data not shown). 
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Figure 2.4. TpTS1 incubation with geranyl diphosphate (GDP) results in the production of 
terpinolene.  

GC chromatograms of product from assay with TpTS1 (A) and authentic terpinolene standard (C) 

showing identical retention times of their peaks. Total ion mass chromatogram of TpTS1 product 

(B) and an authentic standard of terpinolene (D) showing nearly identical mass spectra.   
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Figure 2.5. GC-MS analysis identifies 3-carene and terpinolene as the major products from 
incubation of TpCS1 with geranyl diphosphate (GDP). 

GC chromatograms of product from assay with TpCS1 (A) and authentic 3-carene standard (C) 

showing identical retention times of the most abundant TpCS1 product and 3-carene (peak 5). 

Total ion mass chromatogram of TpTS1 product 5 (B) and an authentic 3-carene standard (D) 

showing nearly identical mass spectra.  Additional peaks in (A) correspond to α-pinene (1), α-

fenchene (2), myrcene (3), isobutyl benzene internal standard (4), terpinolene (6) based on 

comparison of mass spectra with authentic standards (1, 3, 6) and library spectrum (2) (Figure 

A.3).  

2.2.5. TpES1 produces the sesquiterpene elemol from farnesyl 

diphosphate 

Enzyme assays using the TpES1 protein and the substrates for mono- and 

diterpene synthases, i.e., geranyl diphosphate (GDP) and geranyl geranyl diphosphate 

(GGDP), yielded no product (data not shown). In contrast, incubation of TpES1 protein 

with the sesquiterpene substrate FDP resulted in a single major product with a gas 

chromatography (GC) retention time and mass spectrum identical to an elemol standard 

(Figure 2.6). This gene and protein were therefore named T. plicata Elemol Synthase 1 

(TpES1).  
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Figure 2.6. GC-MS analysis identifies elemol as the single product from incubation of 
TpES1 with farnesyl diphosphate (FDP).  

GC retention times of elemol produced by TpTS1 (A) = total ion chromatogram (TIC), (B) 

= mass spectrum of elemol, (C, D) = TIC and mass spectrum of an authentic standard of elemol. 

The authentic standard of elemol was obtained by running elemi essential oil that produces 

elemol as one of the constituents of the oil. 

.  

2.3. Discussion 

β-thujaplicin is an abundant wood tropolone in many Cupressaceae species. 

[61,224,229,270,271]. Given their common ancestry, these species are likely to use 

similar pathways for β-thujaplicin biosynthesis. We and others have an interest in 

understanding the biochemical and genetic basis of β-thujaplicin biosynthesis, for the 

development of marker-assisted selection to improve heartwood rot resistance, and for 

the potential production of this powerful antimicrobial compound in alternative hosts 

[260,261,272].  
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The genetic basis of β-thujaplicin biosynthesis is to date completely unknown in any 

plant species. In C. lusitanica cell cultures, however, the biosynthetic pathway was 

partially resolved by feeding experiments and microsomal assays [195,223]. Based on 

isotope tracer experiment in C. lusitanica, terpinolene was part of the predicted first 

biosynthesis step dedicated to the production of the heartwood tropolone β-thujaplicin 

[223]. Prior to that, another monoterpene 3-carene was theoretically proposed as an 

intermediate of β-thujaplicin biosynthesis by the idea of organic chemistry. Feedings of 

C. lusitanica suspension cultures with 3-carene significantly improved the β-thujaplicin 

production of C. lusitanica suspension cultures, indicating its possible involvement in β-

thujaplicin biosynthesis [229]. 

In this work we identified two genes that are upregulated during heartwood 

formation. The encoded proteins of one gene produced terpinolene as a single major 

product whereas the other produced both 3-carene and terpinolene in in vitro enzyme 

assays. Based on the above chemical evidence from C. lusitanica cell cultures, these 

genes are therefore likely to play a role in β-thujaplicin tropolone production in T. plicata. 

Terpinolene and 3-carene synthase-encoding genes have been identified in other plant 

species [273], active in sapling stems [153], shoot and bark [274] and seedlings [150]. 

However, no heartwood specific terpinolene and 3-carene synthase have been 

identified. 

Here, we also identified a full-length cDNA sequence which was upregulated 

during heartwood formation and has sequence similarity to those of sesquiterpene 

synthase. Enzyme assay of purified recombinant protein produced sesquiterpene 

alcohol elemol, confirming its identity as elemol synthase (TpES1). When comparing the 

conserved motifs required for catalytic functions, TpTS1 and TpCS1 retained the N-

terminal RRX8W motif required for the ionization and isomerization of the substrate 

[159]. While TpES1 had a substitution in the two conserved arginine (R) nucleotides and 

was found as MEX8W [159] similar to sesquiterpene synthase (i.e., γ-humulene 

synthase) in Abies grandis [179]. All three proteins retained the other C-terminal DDXXD 

motif which is required for the binding of divalent metal ion cofactors such as Mg+ or Mn+ 

to initiate binding and activation of the diphosphate moiety of the substrate [144,167]. 

TpTS1 and TPCS1 contained an N-terminal transit peptide required for plastid import, 

consistent with other monoterpene synthases [144,167]. While the absence of transit 
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peptide in TpES1 indicates its localization in cytosol where sesquiterpene biosynthesis 

takes place.  

Research has shown that terpenoid based defense response can be induced by 

phytohormone treatment [275]. Such as, the enzyme activity levels of the (+)-3-carene 

synthase and the corresponding accumulation of (+)-3-carene can be induced to a 

higher fold change than any other TPS or metabolite measured [276]. Expression of 

sesquiterpene gene elemol synthase in S. tuberosum leaves can be induced in response 

to bacterial and fungal infection as well as methyl jasmonate treatment [277]. In our 

study, we also attempted to inject methyl jamonate and ethephon (precursor of ethylene) 

in mature T. plicata trees but didn’t see any significant upregulation of terpene synthase 

genes (Data not shown). 

        The toxicity of the identified monoterpenes and sesquiterpene is known in 

several species. Such as, in P. sitchensis, 3-carene is associated with resistance to pine 

weevil (Pissodes strobi), where resistant trees produced significantly higher levels of (+)-

3-carene whereas susceptible trees produced trace amounts of (+)-3-carene [278,279]. 

Two monoterpenes, terpinolene and (+)-3-carene, were associated with resistance in 

genotypes originating from a high weevil hazard area [280]. Terpinolene has shown 

fumigant toxicity against L. Bostrychophila [281]. Sesquiterpene β-elemol is one of the 

major constituents of Japanese cedar (Cryptomeria japonica D. Don) leaf essential oil. 

Studies on this species had shown that β-elemol has antitermite activity against the 

subterranean termite Coptotermes formosanus Shiraki, responsible for most wood 

destruction in countries such as Taiwan, Japan, and parts of the United States [282]. 

Elemol and eudesmol extracted from C. japonica leaf essential oil also exhibited 

antifungal activity against dermatophyte Trichophyton rubrum [283]. 

Based on the above mentioned strong antifungal properties as well as the high 

levels of these compounds in heartwood, these genes are likely to play a major role in 

rot resistance of growing T. plicata trees. To our knowledge, these are the first identified 

terpinolene, 3-carene and elemol synthase-encoding genes, active during heartwood 

formation. These genes are also not identified in any Cupressaceae species. The 

identified genes provide prime candidates for markers-assisted selection and study of 

genetic variation that affects protein function and expression in T. plicata tress. 
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Chapter 3. Identification of Three Monofunctional 

Diterpene Synthases with Specific Enzyme Activities 

Expressed during Heartwood Formation in Western 

Redcedar (Thuja plicata) Trees 

3.1. Materials and Methods 

3.1.1. Plant materials 

RNA was extracted from approximately 60-year-old trees taken down at the Simon 

Fraser University campus. Cut sections were frozen in liquid nitrogen and radial fractions 

were taken using chisel and hammer. The following fractions were taken; bark to 

cambium excluding most dead outer bark, ~2 cm sapwood, ~2 cm older sapwood, and 

transition zone consisting of two annual rings of sapwood and two rings of heartwood. 

Sticks of samples were freeze-dried for 3 days, milled to ≤0.5 mm particle size. RNA was 

prepared by following the method as described in Chapter 1. RNA integrity was analyzed 

by bleach gel electrophoresis [262]. Residual DNA was removed, and 1st strand cDNA 

was synthesized (AccuRT genomic DNA removal, EasyScriptTM cDNA synthesis kit, 

abmgood.com). 

3.1.2. Selection of Candidate Genes 

Three contiguous cDNA sequences encoding putative Thuja plicata diterpene 

synthases (TpdiTPS1-3) were selected based on expression in an RNA-seq library 

made from the transition zone where heartwood was formed [263]. The transcript 

sequences were confirmed by polymerase chain reaction (PCR) amplification from 

cDNA, cloning, and Sanger sequencing. The accession numbers were for TpdiTPS1-3, 

MT468207, MT468208, and MT468209, respectively. BLASTX and BLASTP (NCBI, 

National Center for Biotechnology Information) were used to assess sequence similarity 

to other known diTPS sequences and the presence of conserved RRX8W, DXDD, and 

DDXXD motifs. The protein sequences were aligned by the Clustal Omega program and 

formatted in Gene Doc. Chloroplast transit peptide in the ORFs (Open Reading Frames) 
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of the selected TPS genes was identified with iPSORT and TargetP1.1. and deleted 

during plasmid cloning. 

3.1.3. Cloning of diTPS cDNAs 

Two sets of primers were designed to amplify the full-length cDNA (Table B.4), 

keeping in mind that the vector would be linearized with SspI restriction enzyme (New 

England Biolabs, MA, USA). The online Expasy translate tool was used to double-check 

the continuity of the ORF-His tag fusion protein. A nested polymerase chain reaction 

(PCR) was performed to amplify three predicted full-length TPS cDNAs with the first set 

of primers according to CloneAmpTM HiFi PCR premix (Takara Bio, CA, USA) protocol 

with a 55°C annealing temperature. PCR products were diluted 10-fold in water and 

used for PCR using a second set of primers and 60°C annealing temperature. Resulting 

single-band products were cloned into SspI-digested pETHis6GST expression vector 

(Addgene) by the Sequence and Ligation Independent Cloning method (SLIC; [284]). 

The mix was transformed into Stellar chemically competent cells (Takara Bio, CA, USA). 

Colonies with recombined plasmid were identified by colony PCR, used for plasmid 

purification. Inserted fragments were fully sequenced by Sanger, confirming expected 

nucleotide sequences. All resulting recombinant proteins contained the open reading 

frame with an N-terminal His tag. 

3.1.4. Transformation and In Vivo Coexpression 

Recombinant protein expression, purification, and assays were performed as 

described [285]. For the expression of putative terpene synthase genes, plasmid 

carrying the gene of interest together with individual pGG, pGGeC, pGGsC, pGGnC 

plasmids was sequentially transformed into BL21 StarTM (DE3, ThermoFisher, CA, USA) 

chemically competent E. coli cells. To confirm the stereochemistry of normal-CPS 

activity, TpdiTPS3 was co-expressed with pGG and a class I labdane related diterpene 

synthase, i.e., Arabidopsis thaliana kaurene synthase (AtKS) that only reacts with ent-

CDP. AtKS, cloned in pDEST15/rAtKS [285], was also co-expressed individually with 

pGGec and pGGnc to confirm the presence and absence of ent-kaur-16-ene. To 

express TPS proteins, four independent colonies of transformants were grown in 5 mL 

Luria-Bertani medium supplemented with 35 µg/mL kanamycin and 25 µg/mL 

chloramphenicol and cultured overnight at 37°C, at 225 rpm. The following day, the 
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bacterial cell suspensions were diluted 1:50 with Terrific Broth medium containing the 

same antibiotics and grown as above until an OD600 nm of 0.6. Cultures were then 

shifted to 16°C for 1 h before induction with 0.5 mM IPTG (isopropyl-1-thio-beta-D-

galactopyranoside) and 5 g/L glycerol and grown for ~72 h at 16°C, at 220 rpm.  

3.1.5. Isolation of Recombinant Protein Products 

The bacterial cells were collected by centrifugation at 1400 g for 30 min. The 

hydrocarbon product was extracted from the media with an equal volume of hexane with 

2% (v/v) ethanol [286,287].  

3.1.6. Silica and Alumina Chromatography 

A Pasteur pipette was loaded with glass wool plug, ~0.6 g silica gel, ~0.1 g 

MgSO4, and washed five times with hexane. The organic phase (8 mL) was passed over 

the silica gel column. In the case of oxygen-containing products, the media was 

extracted with an equal volume of hexane: ethyl acetate (6:1), and the organic phase 

was passed through a Pasteur pipette with glass wool plug and ~0.6 g basic alumina 

column overlaid with ~0.1 g (NH₄)₂SO₄. Approximately 8 mL of the eluate was 

evaporated under an N2 stream. The sample was resuspended in 500 µL of hexane and 

derivatized overnight at room temperature with N,O-bis(trimethylsilyl)trifluoroacetamide 

(MilliporeSigma) before GC-MS analyses.  

3.1.7. GC-MS Analysis 

GC-MS analysis was performed on an Agilent 7890B gas chromatograph and a 

5977A MS Detector at 70 eV (Agilent Technologies Inc., CA, USA). One microliter of the 

extract was injected, and compounds were separated on a DB5 column (30 m × 0.25 

mm ID, 0.25 μm film) with an He flow of 1 mL/min. The inlet was operated at 250°C, 

splitless mode. The GC temperature program was as follows: 50°C, hold 5 min, and 10 

°C/min ramp to 280°C, 10 min hold. Diterpenes were identified by comparing retention 

time and mass spectra with standards kindly provided by Drs. Reuben J. Peters and 

Meimei Xu, Iowa State University, USA. The retention indices of the identified 

compounds are provided in Table B.5. 
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3.2. Results 

3.2.1. Identification of Three Putative Diterpene Synthases Expressed 

in Thuja plicata Sap to Heartwood Transition Zone 

To identify putative diterpene synthases, we searched a transcriptome derived 

from T. plicata tree stem tissues with a putative diterpene synthase annotation. We 

identified three contiguous cDNA (complementary DNA) sequences (Figure A.4) and 

named them temporarily TpdiTPS1–3. The contiguous cDNA sequences of TpdiTPS1, 2, 

and 3 were 2731 bp, 2898 bp, 3080 bp, along with predicted open reading frames 

encoding 846, 879, and 865 amino acid residue proteins, respectively. The contigs had 

extensive read coverage at 5′ and 3′ ends (data not shown). The transcript sequences 

were confirmed by polymerase chain reaction (PCR) amplification from cDNA, cloning, 

and Sanger sequencing. A comparison of predicted TpdiTPS1, 2, and 3 protein 

sequences with that of known protein sequences showed a maximum of 74%, 80%, and 

87% identity, respectively, across the length of the proteins to known conifer diterpene 

synthases (alignments in Figures A.5 and A.6). A phylogenetic analysis, including conifer 

mono-, sesqui-, and diterpene synthases, also showed that TpdiTPS1–3 grouped with 

diterpene synthases (Figure A.7). Among conifer diterpene synthases, TpdiTPS1 and 2 

separated at the base from diterpene synthases in the Pinaceae family of conifers to 

form a clade that grouped together with Pimara-8(14)15-diene synthase from T. 

cryptomerioides (Figure 3.1). This grouping reflects current phylogenetic classifications 

as both T. plicata and T. cryptomerioides belong to the Cupressaceae family of conifers. 

TpdiTPS3 fell in a separate clade together with diterpene synthases from Pinaceae 

species. Its position at the base of the clade indicates an early divergence from the 

Pinaceae diterpene synthases. 

Assessment of the expression in RNA-seq libraries derived from radial fractions 

of stems revealed high steady-state levels of transcripts in the heartwood transition zone 

relative to sapwood alone (Figure 3.2). The average expression of TpdiTPS2 was 10.8 

times higher and TpdiTPS3 86.7 times higher in the sap to heartwood transition zone 

relative to their expression in sapwood only (p < 0.05). Although the mean TpdiTPS1 

expression was higher in the transition zone relative to the sapwood fractions, it was not 

statistically significant. TpdiTPS3 transcript levels were also elevated in the bark fraction 

relative to the sapwood fractions (p < 0.05). 
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Figure 3.1. Phylogenetic tree of conifer diterpene synthases.  

Phylogenetic analysis was performed with 28 full-length diterpene synthases. Proteins identified in 

this study are highlighted in green. TPS (Terpene Synthase) of the Cupressaceae, except for the 

TPdiTPS3 cluster apart from TPS of the Pinaceae, indicative of the independent diversification and 

evolution of specific TPS functions in the Cupressaceae and the Pinaceae. Scale bar indicates 0.1 

amino acid substitution per site. The number shows bootstrap confidence values from 100 

replicates. 

 

Figure 3.2. TpdiTPS2 and 3 are expressed at elevated levels in the sap to heartwood 
transition zone. 
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Expression of TpdiTPS1, 2, and 3 in RNA-seq libraries derived from four different fractions of T. 

plicata wood. B—bark, OS—outer sapwood, IS—inner sapwood, TZ—sapwood to heartwood 

transition zone. Standard error bars were calculated based on two biological replicates. TMM 

(trimmed mean of M-values) normalized TPM (transcripts per million) values were used to calculate 

relative expression levels. Statistical differences of expression in different fractions were 

determined in R (version 4.0.1) by two-way ANOVA and Tukey HSD tests. 

To identify functions, we compared the putative catalytic motifs in TpdiTPS1, 2, 

and 3 (Figure 3.3) with the DXDD motif in the N-terminal domain indicative of a class II 

terpene synthase and a DDXXD motif in the C-terminal domain indicative of a class I 

terpene synthase [163,164]. TpdiTPS1 and 2 contained the class I motif DDXXD/E in the 

C-terminal domain but lacked the class II DXDD motif in the N-terminal domain. Instead, 

they contained DXDI and DXDV, respectively. These results suggest that TpdiTPS1 and 

2 are monofunctional class I enzymes that cannot use GGDP as a substrate but can use 

CDP as a substrate for diterpene cyclization. The lack of type II activity was confirmed 

by in vitro assays, which showed that recombinant TpdiTPS1 and 2 proteins could not 

use GGDP as a substrate to synthesize diterpenes (data not shown). In contrast to 

TpdiTPS1 and 2, TpdiTPS3 matched the class II DXDD consensus motif, but not the 

class I DDXXD/E motif. This pattern of motifs is typical of monofunctional type II proteins 

that can use GGDP to synthesize CDP but not carry out the final cyclization to generate 

diterpenes. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Putative catalytic motifs in TpdiTPS1 and 2 match monofunctional class I 
proteins and TpdiTPS3 motifs match monofunctional class II proteins.  

     class II          class I  
protein class D X D D   D D X X D/E   

PtLAS I+II D I D D   D D L Y D  
PcLAS2 I+II D I D D   D D L Y D  

TpdiTPS1 I D I D I   D D L Y E  
TpdiTPS2 I D I D V   D D L Y D  

PbmIso1 I D I G V   D D L Y D  
PcmIso1 I D I G V   D D L Y D  

PgCPS II D I D D  R I F F S  
OsCPSsyn II D I D D  S S F H R  

OsCPS2ent II D I D D  A S H L R  
TpdiTPS3 II D I D D  S D L Y E  
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Amino acid alignments of class I and II motifs of Thuja plicata TpdiTPS (1–3) with Pinus taeda 

bifunctional class I/II levopimaradiene synthase (PtLAS, Q50EK2), Pinus contorta bifunctional class 

I/II levopimaradiene/abietadiene synthase2 (PcLAS2, JQ240311), Pinus banksiana (PbmIso1, 

JQ240313), and Pinus contorta (PcmIso1, JQ240314) monofunctional class I isopimaradiene 

synthase1, Picea glauca monofunctional class II ent-copalyl diphosphate synthase (PgCPS, 

GU045755), Oryza sativa monofunctional class II syn-copalyl diphosphate synthase (OsCPSsyn, 

AY530101), Oryza sativa monofunctional class II ent-copalyl diphosphate synthase (OsCPS2ent, 

AY602991). Amino acids that differ from the conserved class II DXDD and class I DDXXD/E are 

shaded in yellow. Full-length alignments are shown in Figures A.5 and A.6. 

3.2.2. Assessment of Potential Mono-Functional Class I Diterpene 

Synthase Activity in TpdiTPS1 and 2 

The lack of an intact DXDD motif in the class II active site of TpdiTPS1 and 

TpdiTPS2 suggests that these proteins may require CDP rather than GGDP as a 

substrate. The majority of labdane-related diterpenoid natural products are derived from 

the ent, syn, or normal stereoisomers of CDP. As CDP is not commercially available and 

expensive to chemically synthesize, we used a previously described in vivo co-

expression system in E. coli [285] in which plasmid-based expression of the known 

proteins result in strains that produce GGDP, ent-CDP, syn-CDP, and normal-CDP. In 

these strains, we co-expressed TpdiTPS1, 2, or 3 to test the possibility of bifunctional or 

monofunctional enzyme activities. The major diterpene product from the co-expression 

of TpdiTPS1 in a strain that produces normal-CDP was sandaracopimaradiene (Figure 

3.4). When expressed in a strain that generates syn-CDP as a substrate, TpdiTPS1 

produced syn-stemod-13(17)-ene as the major product with an unknown diterpene as a 

minor product (Figure 3.5). Expression of TpdiTPS1 in strains that produce GGDP, or 

ent-CDP did not yield any products (data not shown). 



   

 

50 

 

 

Figure 3.4. GC-MS analysis of sandaracopimaradiene produced by TpdiTPS1 synthase 
from normal-copalyl diphosphate (CDP). 

(A) = total ion chromatogram (TIC), (B) = mass spectrum of sandaracopimaradiene, (C, D) = TIC 

and mass spectrum of an authentic standard of sandaracopimaradiene produced by Aspergillus 

niger sandaracopimaradiene synthase AnCPS-PS [288]. 

Expression of TpdiTPS2 with normal-CDP produced levopimaradiene as a major 

product but did not catalyze any product when incubated with GGDP, ent-CDP, and syn-

CDP (Figure 3.6). The mass spectrum was identical to the levopimaradiene produced by 

P. abies levopimaradiene/abietadiene synthase PaTPS-LAS [289].  
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Figure 3.5. GC-MS analysis of syn-stemod-13(17)-ene produced by TpdiTPS1 synthase 
from syn-copalyl diphosphate (CDP). 

(A) = GC-MS total ion chromatogram (TIC) showing unknown diterpene (peak 1) and syn-
stemod-13(17)-ene (peak 2) produced by TpdiTPS1 from syn-CDP.  

(B) = TIC of syn-stemod-13(17)-ene standard produced by Oryza sativa syn-stemod-13(17)-ene 

synthase OsKSL11 [285]. (C, D) and (E) = mass spectra of peak 2, peak 1, and an authentic syn- 

stemod-13(17)-ene standard produced by OsKSL11 [285], respectively. 



   

 

52 

 

 

Figure 3.6. GC-MS analysis of levopimaradiene produced by TpdiTPS2 from normal-CDP.  

(A) = total ion chromatogram (TIC), (B) = mass spectrum of levopimaradiene, (C, D) = TIC and 

mass spectrum of an authentic standard of levopimaradiene produced by Abies grandis 

abietadiene synthase AgAS [290]. 

3.2.3. Monofunctional Class II TpdiTPS3 Synthesize the Intermediate 

CDP 

TpdiTPS3 resulted in copalol when co-expressed with the gene producing GGDP 

(Figure 3.7), in agreement with being a monofunctional class II enzyme. No product was 

generated when expressed together with genes that produce ent-CDP, syn-CDP, and 

normal-CDP. The TpdiTPS3 product and syn-CDP had different retention times and 

mass spectra. Since ent and normal CDP are enantiomers, they are not separated by 

GC-MS analysis. Therefore, to assess whether the product of TpdiTPS3 is ent or normal 

CDP, we used the A. thaliana AtKS (ent-kaur-16-ene synthase) enzyme [285] that only 

reacts with ent-CDP to produce ent-kaur-16-ene as a means of testing substrate 

specificity. While expression of an ent-CDP synthase with the ent-kaur-16-ene synthase 

resulted in the production of the expected ent-kaur-16-ene (Figure 3.8A), the 
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combination of TpdiTPS3 and ent-kaur-16-ene synthase did not (Figure 3.8C), providing 

evidence by exclusion that TpdiTPS3 is a normal-CDP synthase. 

 

Figure 3.7. GC-MS analysis of copalol produced by TpdiTPS3 from geranylgeranyl 
diphosphate (GGDP). 

(A) = GC-MS analysis of copalol derived from geranylgeranyl diphosphate (GGDP) by TpdiTPS3 

(B) = Mass spectrum of the chromatograph peak for TpdiTPS3. 
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Figure 3.8. Confirmation of enantiospecific enzymatic product of TpdiTPS3.  

(A) = Expression of ent-CDP synthase with ent-specific kaurene synthase results in ent-kaur-16-

ene biosynthesis. (B) = Expression of ent-specific kaurene synthase with normal CDP synthase did 

not yield any ent-kaur-16-ene. (C) = Expression of ent-specific kaurene synthase with GGDP 

synthase and TpdiTPS3 also did not yield ent-kaur-16-ene. (D) = Mass spectrum of ent-kaur-16-

ene. 

3.3. Discussion 

The genetic basis of terpene biosynthesis during heartwood formation in T. 

plicata is currently unknown. Here we show that three cDNAs derived from mRNAs 

expressed in the sap to heartwood transition zone of T. plicata trees, named TpdiTPS1, 

2, and 3, encode diterpene synthases with specific in vivo activities. Consistent with the 

catalytic motif profiles in their peptide sequences, they proved to be mono rather than 
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bifunctional diterpene synthases. TpdiTPS3 had a DXDD motif in the N-terminal domain 

known to be required for the protonation-initiated cyclization of GGDP to CDP [169] but 

deviated from the DDXXD motif in the C-terminal domain, known to be required for the 

diphosphate ionization-initiated cyclization and rearrangement of CDP to diterpene 

hydrocarbons [64]. Accordingly, the expression of TpdiTPS3 in the presence of GGDP 

resulted in the biosynthesis of CDP. A method of exclusion was used to gain insight into 

what isomer of CDP is produced. The retention time and mass spectrum matched that of 

normal and ent-CDP (indistinguishable from each other) but differed from and excluded 

syn-CDP. Since an ent-CDP-specific ent-kaurene synthase did not produce ent-kaurene 

when expressed with TpdiTPS3 but did when expressed with an ent-CDP synthase, 

TpdiTPS3 produces normal-CDP; see model, Figure 3.9. Confirmation by an 

independent method, i.e., chiral column chromatography, is currently beyond our means. 

However, normal-CDP identity is also consistent with the normal-CDP use of TpdiTPS1 

and 2. A class II normal-CDP synthase has been identified before in Z. mays, wheat 

(Triticum aestivum L.), S. miltiorrhiza, and conifer T. cryptomerioides [65–68], which, like 

T. plicata, belongs to the Cupressaceae family of conifers. There are also known 

bifunctional diterpene synthases that produce normal-CDP as an intermediate 

[171,289,290,295–297]. 

The peptide sequences of TpdiTPS1 and 2 lacked an intact N-terminal DXDD 

motif but contained the C-terminal DDXXD motif required for the rearrangement of CDP 

to diterpene hydrocarbons, typical of class I diterpene synthases [170,291]. In 

agreement with their motif profile, both TpdiTPS1 and 2 produced diterpenes when co-

expressed with proteins providing CDP. TpdiTPS1 accepted normal and syn-CDP as a 

substrate, but not ent-CDP. TpdiTPS1 produced sandaracopimaradiene in the presence 

of normal-CDP and syn-stemod-13(17)-ene in the presence of syn-CDP. The use of syn-

CDP suggests that a syn-CDP synthase may be expressed during T. plicata heartwood 

formation. On the other hand, if syn-CDP is not available, TpdiTPS1 may be limited to 

normal-CDP and produce only sandaracopimaradiene during heartwood formation. 

Normal-sandaracopimaradiene has been found as the sole product from one 

monofunctional class I diterpene synthases cloned from O. sativa [298]. In conifers, 

monofunctional class I diterpene synthases have been found to produce normal-

sandaracopimaradiene only as minor products (P. banksiana; 10%, P. contorta; 12%) 

[156], which differs from the >90% normal-sandaracopimaradiene produced by 
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TpdiTPS1. Bifunctional diterpene synthases with normal-sandaracopimaradiene as 

minor product have been found in P. sitchensis and as a major product in the fungi 

(Aspergillus niger Tiegh.) [146,288,290]. A stemodene synthase has been identified in 

plants only once before [299], in O. sativa. TpdiTPS2 used normal-CDP to produce 

normal-levopimaradiene. An enzyme with the same specificity was recently identified in 

another Cupressaceae species, T. cryptomerioides [64]. Bifunctional diterpene synthase 

that produces levopimaradiene as one of several products have been found in ginkgo 

(Ginkgo biloba L.) and other conifers A. grandis, P. taeda and P. abies

[289,290,296,297]. However, there is evidence that the four diterpenes identified in in 

vitro assays of the P. abies enzyme are epimers from a thermally unstable diterpenol 

[177,289]. It is possible that we obtained similar artifacts, although we did not see a 

similar spread of artifact products. Taken together, the substrate and product 

specificities of TpdiTPS1, 2, and 3 are unusual among plant species and provide the first 

model framework for diterpene biosynthesis during heartwood formation in T. plicata

(Figure 3.9). 

Figure 3.9. Model of the monofunctional diterpene biosynthesis pathway potentially active 
during heartwood formation in T. plicata trees based on the results in this study.

The question mark indicates that an unidentified syn-CDP synthase may also be active to provide 

an alternative substrate for TpdiTPS1.
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To date, no single diterpene or diterpenoid has been described in T. plicata 

tissues [10,61,62,211,212,217,220,300–302], so it is unclear in what modified form we 

should expect to find the three diterpene products identified in this study. In the closely 

related species Japanese thuja (Thuja standishii Gordon Carrière), extracts from stem 

bark contain both diterpene alcohols and acids [303], none with the same hydrocarbon 

skeleton as described in this study. Among other Cupressaceae, the sandarac tree 

(Tetraclinis articulata Vahl Mast.) is well known for its gum, used since antiquity as a 

natural pictorial and wood varnish [304]. Sandaracopimaric acid and sandaracopimarinol 

are the two most abundant diterpenoids in sandarac gum [305]. Species in the Callitris 

genus have also been used to produce sandarac gum and have alcohol and acid forms 

of sanadaracopimaradiene in bark resin [306,307].  

Little is known about the toxicity of the diterpenes identified here and their 

potential natural modified forms. Sandaracopimaric acid, purified from pine cones, 

inhibits both brown and white rot-causing fungal species in petri-dish experiments. Of 

nine tested diterpene acids, levopimaric acid generated the strongest growth inhibition of 

brown and white rot fungal species [308]. Closely related compounds are also found 

among diterpene phytoalexins in Poaceae species, produced in response to microbial 

attack [309,310]. Tests demonstrate their toxicity to a range of fungal and bacterial 

species [311–313]. There is also evidence that related diterpene acids play a role in 

conifer resistance to insect pests and associated fungi [135].  

This chapter aimed to identify genes encoding diterpene synthases that are likely 

to contribute to heartwood rot resistance in WRC. From our results, we can conclude 

that there are at least three putative diterpene synthases expressed in the region in 

which specialized metabolites accumulate to generate heartwood. The enzymes are 

monofunctional and together provide a potential pathway for the production of 

levopimaradiene, sandaracopimaradiene, and syn-stemod-13(17)-ene from GGDP via 

the intermediates normal and syn-CPP. These are the first terpene synthases identified 

as active during heartwood formation in WRC and provide a starting point to (1) identify 

corresponding diterpenoids in heartwood extracts, (2) identify genes that carry out 

required modifications to the hydrocarbon skeletons, and (3) carry out Single Nucleotide 

Polymorphism-heartwood rot association studies to test their potential roles in heartwood 

rot resistance, the single most important economic problem in this species [2,9,259]. 
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Chapter 4. Functional analysis of three putative Fe(II)/2-

oxoglutarate dependent dioxygenase genes through 

heterologous and transient expression assay 

 

4.1. Materials and Methods 
 

4.1.1. Selection of T. plicata dioxygenase (TpDOX) genes 

To identify putative TpDOX genes, a T. plicata transcriptome prepared from sap 

to heartwood transition zone (TZ) [263] was searched with a putative “dioxygenase” 

annotation as a query. Three nucleotide sequences were selected based on the 

presence of conserved motifs and level of expression (Figure A.8). The BLASTX and 

BLASTP algorithms were further used to assess their sequence similarity to other known 

dioxygenase sequences. Multiple alignments of protein sequences were done with 

MEGA version 11 [314] and the conserved motifs were visualized in Gene Doc version 

2.7 [315]. A phylogenetic analysis was done in MEGA version 11, visualized, and 

modified in iTOL version 5 [316]. DOX genes from other species were retrieved from the 

National Center for Biotechnology Information (NCBI) GenBank database.  

4.1.2. Gene amplification and cloning  

RNA extraction and cDNA synthesis from TZ was carried out as described in chapters 

2 and 3. The open reading frame (ORF) of three putative dioxygenases were PCR 

amplified from TZ cDNA with vector overlap primers (Table B.6) according to CloneAmpTM 

HiFi PCR premix (Takara Bio, Kusatsu, Japan) protocol with annealing temperature of 

57°C.  Expression vector pET28b (Addgene, Watertown, MA, USA) was digested with NcoI 

and XhoI restriction enzymes. The PCR-amplified fragments and the digested vector were 

purified using GeneJET PCR Purification Kit (Thermo Fisher Scientific). The purified PCR 

products were cloned into the digested vector by following the protocol of the HD Infusion 

cloning kit and transformed into Stellar chemically competent cells (Takara Bio, Inc.). 

Colonies harboring plasmid with insert were identified by colony PCR. The constructs were 

purified using GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) and inserts were 

confirmed by Sanger sequencing. 
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4.1.3. Heterologous expression of TpDOX genes in E. coli  

Recombinant protein expression and purification were performed as described [146]. 

For the overexpression of putative TpDOX genes, 200 ng of the ORF-containing plasmid 

was transformed into 60 µl BL21 (DE3, ThermoFisher, Waltham, MA, USA) chemically 

competent E. coli cells. A plasmid without an insert was transformed as a control. For 

functional expression, four individual colonies of transformants were inoculated in 5 mL 

seed culture of Luria-Bertani (LB) medium supplemented with 35 µg/mL Kanamycin, which 

was cultured overnight at 37°C, at 225 rpm. The following day, 2 mL seed culture was 

inoculated in 100 mL production culture of Terrific Broth (TB) medium with the same 

concentration of antibiotic, which was incubated at 37°C at 225 rpm until an OD600nm of 

0.8. Cultures were then cooled on ice for 20 min before induction. Protein expression was 

induced by the addition of 0.2 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) solution. 

The induced cultures were incubated overnight at 15°C at 225 rpm. The 100 mL cultured 

cells were split evenly into two 50 mL falcon tubes and centrifuged at 4°C, at 3270 RCF 

for 30 min. The supernatant was discarded, and the cell pellets were stored at -80°C until 

proceeding with protein purification. 

4.1.4. Purification of recombinant proteins  

Cell pellets (typically 1g/50 mL culture) were resuspended in 2.5 mL of freshly 

prepared ice-cold lysis buffer. The resuspended pellet was placed on ice for 30 min with 

occasional stirring with a glass rod. The suspension was transferred into pre-cooled 15 

mL falcon tubes and lysed by sonication on ice for total of 2 min (30% strength, 3x15 s, 

30 s off between, followed by second 3x15 s, 30 s off between). The cleared lysate was 

transferred into pre-cooled 2 mL microcentrifuge tubes and centrifuged for 30 min, at 

maximum RCF, at 4°C. The supernatant was loaded onto a His Spin Trap Ni-affinity 

column (GE Healthcare, Chicago, IL, USA). The purification steps were according to the 

manufacturer’s protocol. The recombinant proteins were eluted with 300 µl elution buffer 

and the protein concentration was determined on Nanodrop (ThermoFisher, Waltham, 

MA, USA). Purified proteins were desalted using PD Mini-Trap G-25 desalting columns 

(GE Healthcare) following the manufacturer’s protocol. Protein concentration was further 

determined on a nanodrop instrument (ThermoFisher, Waltham, MA, USA). The purified 

proteins were immediately used for enzyme assay and the rest of the proteins were split 

into aliquots of 50 µl and flash-frozen in liquid N2 for storage at -80°C. 
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4.1.5. SDS-PAGE analysis 

Purified protein samples were examined for overexpression on 4-15% Mini-

PROTEAN TGX (Tris-Glycine eXtended shelf life) stain-free gel (Bio-Rad Laboratories 

Inc., Montreal, QC, Canada). At first, 50 µl β-mercaptoethanol was added fresh in 950 µl 

sample buffer from which 7 µl was mixed with 10 µl protein (~40 µg). This mixture was 

heated to 95°C for 5 min and placed on ice until required. The total 17 µl sample was 

loaded onto the precast gel alongside 10 µl of PageRuler Unstained Protein Ladder 

(Thermo Scientific) and run on Mini-PROTEAN II electrophoresis cell with Bio-Rad power 

supply (Model 1420B/150). The gel was run at 300 V until the smallest protein ladder band 

reached the bottom of the gel (~1.5 h). The protein was visualized with Bio-Rad’s stain 

free instrument which includes a ChemiDoc MP imager. The imager was connected to a 

separate computer and run by Image Lab software.  

4.1.6. In Vitro enzyme assay 

Stock solutions of 2-oxoglutaric acid (2OG), sodium ascorbate and ammonium 

iron (II) sulfate hexahydrate were prepared fresh in sterile dH2O. These solutions were 

not stored for more than 3 h. The stock solution of cymorcin was prepared in DMSO or 

methanol. Enzyme assays were performed in 100 µl reaction containing 50 mM of Tris-

HCl or TES buffer, pH 7.5 (25 µl), 5 mM 2-oxoglutaric acid (5 µl), 0.1 mM ammonium 

iron (II) sulfate hexahydrate (1 µl), 8 mM sodium ascorbate (8 µl), 2.5 mM cymorcin (1 

µl), 10 µl (30-40 µg) enzyme and 50 µl sterile dH2O. Assays were incubated at 30°C for 

2 h. During incubation, vials were left open to get adequate atmospheric O2. The 

reactions were acidified to pH 2 by the addition of 20 µl of 3M HCl. After acidification, the 

samples were extracted with 400 µl ethyl acetate (EtOAc) and hexane (3:1) by vortexing 

for 30 s. The samples were centrifuged at 1000 g for 30 min at 4°C to separate the 

phases. The top 300 µl organic fractions were transferred in a separate vial and 

evaporated completely under the flow of nitrogen and re-dissolved in 100 µl EtOAc. The 

samples were derivatized with 15 µl N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) 

and incubated for 1 h at 70°C prior to Gas Chromatography-Mass Spectrometry (GC-

MS) analyses. The above in vitro assay was also carried out for substrate 4(8)-p-

menthene-1,2-diol. 
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4.1.7. In Vivo enzyme assay  

For in vivo assay, pET28b constructs were transformed into BL21 (DE3, 

ThermoFisher, Waltham, MA, USA) E. coli cells as described above. An empty plasmid 

without an insert was transformed as a control. Four individual colonies of transformants 

were inoculated in 5 mL Luria-Bertani medium supplemented with 35 µg/mL Kanamycin 

and were grown overnight at 37°C, 225 rpm. A fresh overnight culture (1 mL) was 

inoculated in 50 mL of 2TY medium with the same concentration of antibiotic. The 

cultures were incubated at 37°C, 225 rpm until an OD600nm of 0.8 (typically 2-3 h). Before 

induction, cultures were cooled on ice for 20 min. Enzyme assays were performed after 

induction of gene expression with 0.2 mM (50µl) Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) was completed. 10 mM ammonium iron (II) sulfate hexahydrate (125 µl), 100 mM 

sodium ascorbate (125 µl), 100 mM 2-oxoglutaric acid (125 µl) and 200 µl cymorcin 

(stock 10 mg/mL in DMSO or methanol) were added. The cultures were incubated for 48 

h at 15°C, 225 rpm. After centrifugation at 4°C, 1400 RCF for 25 min, both supernatant 

and cell pellets were separated for metabolite extraction. To extract metabolites from the 

cell pellet, 25 mL of acetone was added into the pellet and stirred for 3 h before gravity 

filtration to clarify the solvent. The filtrate was concentrated under vacuum until it was 

reduced to approximately 4 mL. It was redissolved in 25 mL of sterile dH2O and acidified 

to pH 2 with 200 µl of 3M HCl. This solution was extracted with 25 mL of EtOAc and kept 

at 4°C for overnight. Approximately 16 mL of the organic phase was evaporated 

completely under N2 stream, re-dissolved in 100 µl EtOAc and derivatized as described 

above. The supernatant, 50 mL, was clarified by vacuum filtration, acidified to pH 2 with 

2.4 mL of 3 M HCl from which 25 mL of solution was extracted with an equal volume of 

EtOAc. To separate the phases, samples were kept at 4°C for overnight. Approximately 

16 mL of the organic phase was evaporated completely under N2 stream, re-dissolved in 

100 µl EtOAc and derivatized as described above. The above in vivo assay was also 

carried out for substrate 4(8)-p-menthene-1,2-diol. 

4.1.8. GC-MS analysis 

GC-MS analysis was performed on an Agilent 7890B gas chromatograph (GC) 

and 5977A mass spectrometer (MS) detector (Agilent Technologies, Santa Clara, USA). 

Mass spectra were recorded at 70 eV. One microliter of the extract was injected, and 

compounds were separated on a DB5 column that was 30 m long and 0.25 mm in 
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diameter and had a film thickness of 0.25 𝜇m. Helium was used as a carrier gas with a 

flow rate of 1 mL/min. The inlet temperature was 250°C, splitless mode. The GC 

temperature program started at 50°C, hold 5 min, and increased with a ramp of 

10°C/min up to 280°C, 10 min hold. The products were identified by matching retention 

times and spectra to those of authentic standards. Authentic cymorcin and 4(8)-p-

menthene-1,2-diol were purchased from Toronto Research Chemicals (TRC), Toronto, 

Ontario and β-thujaplicin was from MilliporeSigma, Burlington, USA. 

4.1.9. Callus culture 

Seeds of C. lusitanica and Kashmir cypress (Cupressus cashmeriana 

Royle ex Carrière) were obtained from Sheffield’s Seed Co., Inc. NY, USA. The seeds 

were surface sterilized in a solution of 20% commercial bleach (10 mL), sterile dH2O (40 

mL) and Tween 20 (100 µl) with constant shaking for 30 min. The solution was poured 

off and seeds were washed three times with sterile dH2O. Seeds were dried on sterile 

filter paper and plated on solid ½ MS medium. The plates were incubated at 4°C for 30 

days and thereafter incubated at ambient temperature under light for germination. 

Approximately 24 days later, young seedlings were cut into small pieces and transferred 

onto solid callus induction medium (CIM; B5 salts and vitamins, pH 5.5-5.8, 7 g/L 

phytoagar, 0.01 µM BAP, 10 µM NAA) supplemented with 0.1 mg/mL Timentin. 

Hormones and antibiotics were added to medium just before pouring the plates. For 

callus induction, plates were wrapped with foil paper and incubated at 25°C in the dark. 

After one month, the emerging callus was chopped into small pieces and transferred 

onto fresh CIM supplemented with 0.1 mg/mL Timentin. The callus was subcultured 

every 2-4 weeks and plates kept at 25°C in the dark. 

4.1.10. Transformation of TpDOXs in Agrobacterium strain 

Three putative dioxygenases were PCR amplified from their corresponding 

pET28b constructs by using CloneAmpTM HiFi PCR premix (Takara Bio, Kusatsu, Japan) 

kit using 54°C annealing temperature. The primers had 5’ ends that overlap with 

pWBVec8-Ubi:USER:NOS ends after digestion with PacI enzyme (Table B.7). PCR 

amplified fragments and the digested plasmid were purified using GeneJET PCR 

Purification Kit (Thermo Fisher Scientific). The purified PCR products were cloned into 

the plasmid using HD Infusion cloning enzyme and transformed into Stellar chemically 

https://en.wikipedia.org/wiki/John_Forbes_Royle
https://en.wikipedia.org/wiki/%C3%89lie-Abel_Carri%C3%A8re
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competent cells (Takara Bio, Inc.). An empty plasmid was also transformed as a control. 

Colonies harbouring plasmid was confirmed through colony PCR and Sanger 

sequencing. Purified plasmids were electroporated into the Agrobacterium strain 

GV3101. The cells were plated in LB medium containing 100 µg/mL spectinomycin and 

incubated at 28°C for 3-4 days. Afterwards, colonies were streaked onto solid LB 

medium containing 100 µg/mL spectinomycin and 40 µg/mL gentamycin and grown for 

an additional 2-3 days under the same condition. 

 

4.1.11. Agrobacterium-mediated transient expression of TpDOXs 

in callus  

A single colony of Agrobacterium was inoculated in 4 mL LB medium containing 100 

µg/mL spectinomycin and 40 µg/mL gentamycin. The cultures were grown overnight at 

28°C at 240 rpm. 1.5 mL of overnight culture was diluted in 25 mL LB medium containing 

the above antibiotic concentration and grown at 28°C at 240 rpm until OD600 reached to 

0.6. The cells were harvested by centrifugation at 2,599 RCF for 10 min at 20°C. The 

supernatant was discarded, and the cell pellet was resuspended in ~22 mL of liquid CIM 

and 150 µM acetosyringone. The final OD600 was adjusted to 0.6. For co-cultivation, 300 

µl of Agrobacterium suspension was mixed with ~0.45 g of C.lusitanica  and C. 

cashmeriana callus. In no Agrobacterium control, calli were only mixed with liquid CIM 

and 150 µM acetosyringone without any Agrobacterium culture. The calli were left 

immersed for 30 min in the dark at 28°C. Excess bacteria were blotted dry on sterile filter 

paper and transferred to solid CIM and 150 µM acetosyringone (Co-cultivation media). 

The plates were sealed with parafilm and incubated in dark at 28°C for 48 h. After co-

cultivation, calli were wrapped in foil paper and stored at -80°C for RNA extraction.  

 

4.1.12. Confirmation of overexpression via RTqPCR 

4.1.12.1. RNA extraction 

Calli were ground with a mortar and pestle in the presence of liquid nitrogen. 

Approximately 0.24 g of ground callus was transferred in 2 mL centrifuge tube and 

extracted with 1 mL pre-warmed (65°C) extraction buffer (2% CTAB; 200 mM Tris, pH 
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8.0; 50 mM EDTA, pH 8.0; 2.5 M NaCl; 0.5% activated charcoal; 1.5% 

polyvinylpolypyrrolidone and 1.5% β-mercaptoethanol) by incubating at 65°C for 10 min. 

The homogenate was extracted three times with an equal volume of chloroform and 

centrifuged at 10,625 RCF for 5 min, at 4°C. The aqueous phase was transferred into a 

new tube and ¼ volume of 10 M LiCl was added followed by incubation on ice for 

overnight at 4°C. The tubes were centrifuged at 14,462 RCF for 30 min at 4°C. The 

supernatant was discarded, and the cell pellet resolubilized in 0.5 mL SSTE (1 M NaCl; 

0.5% SDS; 10 mM Tris-HCl, pH 8.0; and 1 mM EDTA, pH 8.0) buffer followed by 

extraction with 0.5 mL chloroform. Phases were separated at 14,462 RCF for 10 min, at 

4°C and the upper phase was collected in a new sterile tube. For the precipitation of 

nucleic acid, two volumes of 100% ethanol at room temperature were added, and the 

solution was mixed and incubated at −20°C for 3-4 h. The tubes were centrifuged at 

14,462 RCF for 30 min at 4°C. The supernatant was discarded, and the cell pellet was 

washed with 1 mL of 75% cold ethanol. The tubes were centrifuged at 14,462 RCF, for 5 

min, at 4°C, supernatant discarded, followed by additional centrifugation for 2 min. 

Residual ethanol was pipetted off, the pellet was air dried, and resuspended in 20 µl of 

diethylpyrocarbonate (DEPC)-treated water. RNA integrity was analyzed by bleach gel 

electrophoresis [262].  

4.1.12.2. Real-Time quantitative PCR 

One µg of RNA was DNase treated with RapidOut DNA Removal Kit (Thermo Fisher 

Scientific). cDNA was synthesized from RNA with OneScript Plus cDNA synthesis kit 

(ABM). Primers for qPCR were designed using Eurofins Genomics qPCR primer design 

tool (Table B.8). The qPCR reaction was set up according to the manufacturer’s protocol 

of BrightGreen 2X qPCR Mastermix-No Dye (ABM) in a volume of 20 µL. qPCR  

parameters were set to 3 step amplification: preincubation at 95°C for 600 s followed by 

45 cycles of denaturation at 95°C for 15 s, annealing 56°C for 15 s and extension 72°C 

for 15 s. Target genes were amplified along with reference C. lusitanica 18S rRNA gene 

in a qPCR machine (Light Cycler 96 system, Roche). Expression levels were measured 

using the 2-ΔΔCt method. 
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4.1.13. Extraction of metabolites from calli 

The extraction was done as described before [61]. One mL of anhydrous ethanol 

containing 50 ppm heptadecane internal standard was added to 0.1 g ground powder of 

calli and mixed well by vortexing. The extraction was carried out in an ultrasonic bath for 

1 h during which time the bath temperature rose from approximately 20°C to a final 

temperature of 40°C. The tubes were centrifuged at 295 RCF for 10 min at 4°C. The 

supernatant was pipetted off in a new tube without touching pellet and filtered it through 

quartz wool stuffed into the tapered end of Pasteur pipets. An extra 0.5 mL of ethanol 

was used to wash the residual calli. The eluents were collected in 2 mL GC-MS vials and 

sent to the Pacific forestry centre, Victoria for GC-MS analysis and β-thujaplicin 

quantification. The GC-MS programme was as following: Zebron ZB-5MSplus column 

(30 m X 0.25 mm, film thickness 0.25 𝜇m). The GC temperature program started at 

60°C, hold 5 min, and increased with a ramp of 12°C /min up to 300°C, 20 min hold. 

 

4.1.14. Transformation of callus cells with TpDOX-expressing T-

DNA 

A few microliters of glycerol stock of Agrobacterium containing binary plasmid were 

inoculated in 4 mL LB medium containing 100 µg/mL spectinomycin and 40 µg/mL 

gentamycin and grown for overnight at 28°C at 240 rpm. 1.5 mL of overnight culture was 

diluted in 25 mL LB containing above antibiotics and grown at 28°C at 240 rpm until 

OD600 reached to 0.5. The cultures were centrifuged at 2,599 RCF, for 10 min at 20°C. 

The supernatant was discarded, and the cell pellet was resuspended in ~ 22 mL of liquid 

CIM and 150 µM acetosyringone. The final OD600 was adjusted to 0.5. Afterwards, 1 g of 

calli were chopped with a scalpel in which 100 µl of Agrobacterium suspension was 

added, mixed, and incubated at 23°C for 30 min. The calli were drained of excess liquid 

on sterile filter paper and transferred as little clumps on top of sterile filter paper on solid 

CIM and 150 µM acetosyringone (Co-cultivation media). The plates were sealed with 

parafilm and incubated in dark at 28°C. After 24 h of incubation, the filter paper was 

changed with a fresh sterile filter paper and further incubated at the same condition for 

another 24 h. For stable transformation, calli were thinly spread on sterile filter paper on 

solid CIM and timentin (400 µg/mL) and incubated at 23°C for 2-3 days to kill bacteria. In 

cases of Agrobacterium overgrowth, calli were washed first with 3-4 mL of sterile water 
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and then 3-4 mL with water containing 500 µg/mL timentin solution, followed by drying 

on filter paper and plating on B5 medium. After 2-3 days, transferred the calli without 

filter paper on solid CIM with timentin (400 µg/mL), and hygromycin (3 µg/mL) and 

incubated at 23°C for 6 days (Selection Media). After 6 days, the calli were subcultured 

on fresh solid CIM with cefotaxime (300 µg/mL), and hygromycin (3 µg/mL) and 

subcultured every 2 weeks. 

 

4.2. Results 

 
4.2.1. Identification of Thuja plicata Fe(II) and 2OG Dependent 

dioxygenase genes 

Three contiguous cDNA sequences encoding putative dioxygenases were retrieved 

from a T. plicata stem transcriptome based on expression level in the transition zone as 

well as their conserved motifs [263]. These sequences were temporarily named as Thuja 

plicata dioxygenase 1 (TpDOX1), Thuja plicata dioxygenase 2 (TpDOX2) and Thuja 

plicata dioxygenase 3 (TpDOX3). The contiguous cDNA sequences of TpDOX1, 2, and 

3 were 1661bp, 1132bp, and 1394bp in length, along with open reading frames encoding 

341, 350 and 350 amino acid-residue proteins, respectively. The molecular masses are 

predicted to be 39.19, 40.56 and 40.52 kDa. The multiple protein sequence alignment of 

TpDOX1, 2 and 3 with other known dioxygenases identified a maximum 30% similarity 

with Talaromyces stipitatus Fe(II)/2-oxoglutarate-dependent dioxygenase (TropC), 

Arabidopsis thaliana gibberellin 2-β-dioxygenase (AtGA2ox1), Ginkgo biloba flavonol 

synthase (GbFLS) and maximum of 36% similarity with Salvia miltiorrhiza Fe(II)/2-

oxoglutarate-dependent dioxygenase (Sm2OGD25) (Figure A.9). A phylogenetic 

analysis including other known dioxygenases involved in primary and secondary 

metabolite biosynthesis revealed that TpDOX1, 2 and 3 separated from dioxygenases 

involved in primary metabolite biosynthesis (i.e., jasmonic acid, gibberellin, ethylene, 

IAA). Among dioxygenases involved in secondary metabolite biosynthesis (i.e., 

tropolone, flavonoid, diterpenoid, glucosinolate), TpDOX1, 2 and 3 clustered specifically 

with fungal tropolone biosynthesis gene TropC (Figure 4.1). 
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Figure 4.1. Phylogenetic tree of Fe(II) and 2OG dependent dioxygenases.  

Phylogenetic analysis was performed with 41 full-length Fe(II) and 2OG dependent 

dioxygenases. Proteins identified in this study are highlighted in red. TpDOX1-3 cluster with 

TropC, involved in tropolone biosynthesis, and apart from other functional categories, indicative of 

the independent diversification and evolution of specific dioxygenase functions. Numbers indicate 

bootstrap support of 100 repetitions. The full abbreviation of the protein sequences and 

corresponding accession numbers are listed in Table B.9. 

4.2.2. Predicted proteins of TpDOX1,2 & 3 exhibit the conserved 

motifs of Fe(II)/2OG dependent dioxygenases 

The predicted open reading frames (ORFs) of the TpDOX1, 2 & 3 were aligned with 

other known Fe(II)/2OG dependent dioxygenase ORFs. As shown in figure 4.2, the 

predicted proteins contain the signature motif HXD/EXnH, which is crucial for Fe(II) 

binding, and the RXS motif, required for 2OG binding. This analysis suggests that the 

predicted TpDOX1, 2 & 3 proteins carry the conserved motifs expected for catalytic 

functions of Fe(II)/2OG dependent dioxygenases.  
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Figure 4.2. Putative catalytic motifs of TpDOX1, TpDOX2 and TpDOX3. 

Amino acid alignments of TpDOX1, TpDOX2 and TpDOX3 with Talaromyces stipitatus Fe(II)/2-

oxoglutarate-dependent dioxygenase (TropC), Arabidopsis thaliana gibberellin 2-β-dioxygenase 

(AtGA2ox1), Salvia miltiorrhiza Fe(II)/2-oxoglutarate-dependent dioxygenase (Sm2OGD25), and 

Ginkgo biloba flavonol synthase (GbFLS). Full-length alignments are shown in Figure A.9. 

4.2.3. Expression level of TpDOX1,2&3 in the sap to heartwood 

transition zone 

Differential expression analyses showed that transcript levels of TpDOX1 were 

significantly (p value <0.001) elevated in the transition zone (TZ), relative to other stem 

fractions (Figure 4.3A). TpDOX1 transcript level was 185 times higher in TZ relative to 

the average levels in bark (B), outer sapwood (OS), and inner sapwood (IS). TpDOX1 

transcript levels are 341, 358 and 95 times higher in TZ compared to B, OS, and IS. The 

transcript levels of TpDOX2 were about the same in all four fractions and only slightly 

higher in TZ with no statistically significant differences (Figure 4.3B). TpDOX3 was only 

4 times higher in TZ relative to B and its expression is like OS and IS and their 

differences are also not significant (Figure 4.3C). 
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Figure 4.3. Expression levels of TpDOX1, TpDOX2 and TpDOX3 in the sap to heartwood 

transition zone.  

Expression of TpDOX1, TpDOX2 and TpDOX3 in RNA-seq libraries derived from four different 

fractions of T. plicata wood. B-bark, OS-outer sapwood, IS-inner sapwood, TZ-sapwood to 

heartwood transition zone. TMM (trimmed mean of M-values) normalized TPM (transcripts per 

million) values were used to calculate relative expression levels. Statistical differences in different 

fractions were determined in JMP 15.0 by two-way ANOVA and Tukey HSD tests. Standard error 

bars were calculated based on two biological replicates. 

4.2.4. IPTG induction resulted in overexpression of dioxygenase 

genes in E. coli 

After purification, proteins were run on SDS-PAGE gel. The analysis of the 

protein content of E. coli transformed with pET28b-TpDOX1, pET28b-TpDOX2 and 
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pET28b-TpDOX3 revealed the presence of a strong band, consistent in size with the 

calculated mass of His6-TpDOX1 (40.37 kDa), His6-TpDOX2 (41.74 kDa) and His6-

TpDOX3 (41.69 kDa). The putative bands were observed in samples induced with IPTG 

and no strong band of equivalent size was observed in empty vector sample (Figure 

4.4). 

 

Figure 4.4. SDS-PAGE analysis of the proteins overexpressed in E. coli pET28b system by 
IPTG induction. 

From left to right: Protein molecular weight marker (Ladder, KDa), Red arrow shows the His-tag 

enriched protein from expression of TpDOX1 (40.37 KDa), TpDOX2 (41.74 KDa), TpDOX3 (41.69 

KDa) and Empty vector (EV). 

4.2.5. No activity identified from in vitro and in vivo assays of 

enzymes 

To determine the function of TpDOX1, 2 and 3, cDNAs were cloned into an 

expression plasmid, proteins were produced in E. coli cells, and Histidine-tagged 

recombinant proteins were purified. Enzyme assays using the TpDOX1, 2 and 3 

proteins, putative substrate cymorcin, cofactor Fe(II) and cosubstrate 2-oxoglutaric acid 

yielded no product (Figure 4.5) by GC-MS analysis. An alternative in vivo assay in E. coli 
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adding cymorcin, cofactor and cosubstrate also resulted in no product from the 

dioxygenases. Only derivatized cymorcin was detected in all samples and no additional 

peak was observed in the samples, indicating that cymorcin is not the right substrate for 

TpDOX1, 2 or 3 enzymes. Extracts prepared from the same E. coli strain transformed 

with a plasmid lacking cDNA insert also did not yield any detectable compound. 

                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. TpDOX1, 2 and 3 incubations with cymorcin yielded no product.  

Gas chromatography retention times and relative abundance of (A) = standard cymorcin. (B) = 

standard β-thujaplicin. (C) = Incubation of TpDOX1 with cymorcin. (D) = Incubation of TpDOX2 

with cymorcin. (E) = Incubation of TpDOX3 with cymorcin. (F) = Incubation of Empty vector with 

cymorcin. The mass spectra of derivatized authentic cymorcin and β-thujaplicin appear in Figure 

A.10. 
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4.2.6. A. tumefaciens-mediated transient expression in C.lusitanica & 

C. cashmeriana calli 

Neither tissue culture nor Agrobacterium-mediated transformation have been 

established for T. plicata and our own attempts have been unsuccessful (data not 

shown). Since it is known that calli can be induced and maintained from related species, 

we generated calli from C. lusitanica and C. cashmeriana seedlings. Attempts at 

generating Agrobacterium T-DNA transformed calli based on hygromycin selection were 

unsuccessful (data not shown). For TpDOXs overexpression, we therefore aimed at 

infection and transient expression in a subpopulation of cells similar to Agroinfiltration in 

Nicotiana benthamiana leaves [317]. To that effect, Agrobacterium strain GV3101 

harbouring TpDOX1, 2, 3 and TpTS1 overexpression plasmids (along with empty vector, 

EV, and no Agrobacterium as negative controls) were used to infect C. lusitanica, and C. 

cashmeriana calli. The RNA of the transformed calli was extracted and analyzed by 

quantitative PCR. In C. lusitanica cells, over expression of TpDOX1 or TpTS1 was not 

detected (not shown). TpDOX2 transcript level was 317-fold higher and ToDOX3 

transcript level was 10-fold higher in cells exposed to overexpression plasmid compared 

to EV sample (Figure 4.6). In C. cashmeriana, compared to EV, TpDOX1,2,3 & TpTS1 

were 43, 16, 5, and 13-fold higher in cells infected with corresponding overexpression T-

DNA, relative to empty-vector transformed cells (Figure 4.7). 

 

 

Figure 4.6. Overexpression of TpDOX2 (left) and TpDOX3 (right) in C.lusitanica cells. 

RT-qPCR analysis, EV= Empty Vector, NoAgro= No Agrobacterium, OE= overexpressed. 
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Figure 4.7. Overexpression of TpDOX 1,2,3 and TpS1 in C. cashmeriana cells. 

RT-PCR, EV= Empty Vector, NoAgro= No Agrobacterium, OE= overexpressed. 

 

4.2.7. Extraction and determination of β-thujaplicin in overexpressed 

Calli 

The overexpressed and control samples were grounded in liquid nitrogen and 

extracted with ethanol. The supernatant was analyzed by GC-MS to quantify β-

thujaplicin. The result has shown that, besides β-thujaplicin, there were significant peaks 

for three diterpenoid compounds, i.e., ferruginol, totarol, hydroxy totarol were detected 

after matching the spectrum with a library database. The amount of β-thujaplicin was 

lower compared to other diterpenoid peaks. In C. cashmeriana, among the controls β-

thujaplicin was detected in NoAgro sample but not in EV samples as it is expected to 

have some endogenous β-thujaplicin. Compared to the EV sample, OE samples have 

more β-thujaplicin content, the highest for TpTS1 and TpDOX1. In C. lusitanica, the 

content of β-thujaplicin was high in NoAgro sample and no β-thujaplicin was detected in 

the overexpressed group (Figure 4.8). Here the metabolite from C. lusitanica TpDOX1 

overexpressed sample couldn’t be extracted due to the lack of sample during 

preparation. The induction was combined with yeast extract. In C. lusitanica, the content 

of β-thujaplicin was high in NoAgro sample and reduced to overexpressed group (Figure 

4.9). 
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Figure 4.8. Relative peak response for β-thujaplicin content in C.lusitanica and C. 
cashmeriana cells. 

Relative peak response obtained after correcting for internal standard response. Relative peak 

response = Sample peak area/internal standard peak area.

               

Figure 4.9. Relative peak response for β-thujaplicin content in C.lusitanica cells with yeast 
extract.

Relative peak response obtained after correcting for internal standard response. Relative peak 

response = Sample peak area/internal standard peak area.

4.2.8. Stable transformation of dioxygenases

To overcome the debilitating effect of Agrobacterium, the experiment was switched 

from transient to stable transformation. To generate stable transformants, a protocol was 
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generated for Agrobacterium-mediated stable transformation of genes into C. lusitanica

calli. In addition, to overcome the antibiotic sensitivity, different concentrations of 

hygromycin were used to test its effect on calli and a standard concentration was 

selected for the selection of transgenic calli (Figure A.11). Stable transformants couldn’t 

be achieved. As such, during the start of co-cultivation, the calli appeared white (Figure 

4.10A) and started to turn red after subsequent transformation into recovery and 

selection media (Figure 4.10B&C). The calli eventually lost the ability to proliferate in 

selection media (Figure 4.10D).

Figure 4.10. Stable transformation in C.lusitanica cells

A) Calli phenotype during co-cultivation media B) Calli phenotype during recovery media C) Calli 

phenotype during hygromycin selection media D) Calli phenotype during subsequent cell culture.

4.3. Discussion

The genetic basis of tropolone biosynthesis in any plant species is currently 

unknown. Few papers have been published dealing with the biosynthesis mechanisms 

of tropolones in plants [231,232,318,319]. Previous studies in C. lusitanica cell culture 

partly revealed some of the biosynthesis steps for the tropolone β-thujaplicin (Figure 1.5, 
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chapter 1) [223]. The pathway demonstrates that GDP was first converted into 

terpinolene (steps 1-2), which was further hydroxylated into IME and epoxidized into 

EMO (steps 2-4) by putative cytochrome P450 (CYP450) monooxygenases [195,223]. 

The involved genes and enzymes have not been revealed at the molecular level in any 

plant species. In this study we identified and characterized two genes (TpTS1, TpCS1) 

that are upregulated during heartwood formation and whose enzymes produce 

terpinolene, and therefore are likely to carry out the first dedicated step in β-thujaplicin 

biosynthesis (See Chapter 2). Studies on one fungal and one bacterial species have 

shown that a dioxygenase enzyme catalyzes the expansion of the six-carbon ring into 

the seven-carbon ring characteristic of tropolones. While the dioxygenase enzyme for 

fungi is dependent on Fe(II) and 2OG as cofactors, the bacterial dioxygenase requires 

exclusively Fe(II) as a cofactor [231,232]. Based on this evidence, we searched the T. 

plicata heartwood transcriptome for putative dioxygenases of interest.  

We identified three putative Fe(II)/2OG dependent dioxygenase genes in a T. plicata 

transcriptome, TpDOX1, 2 and 3, that we think, based on several arguments, are 

candidates for a role in β-thujaplicin biosynthesis and named them. First, their predicted 

protein sequences carry the conserved HXD/EXnH motif known to be required for Fe(II) 

binding and RXS motif for 2OG binding [73,320,321]. The role of Fe (II)/2OG dependent 

dioxygenases in primary and secondary metabolism has been reported in several 

species [237,320,322,323]. Secondly, phylogenetic analysis group TpDOX1, 2 and 3 

with dioxygenases involved in secondary metabolism and put them in the same 

subclade as TropC, with a defined role in tropolone-specific ring expansion. Third, they 

are all expressed in the sap to the heartwood transition zone. Fourth, TpDOX1 is highly 

upregulated in the transition zone in which the most abundant HW monoterpenoid, β-

thujaplicin, is specifically produced.  

Differently from terpene synthases, for which well defined substrates are 

commercially available, we have no such substrates available for TpDOX enzyme 

assays. In fact, while a radioisotope tracing experiment in C. lusitanica cells producing β-

thujaplicin identify some intermediates between terpinolene and β-thujaplicin, it failed to 

identify the immediate precursors to β-thujaplicin (Figure 1.5, chapter 1), possibly 

because they are short lived. In collaboration with a chemist, a potential immediate 

precursor for β-thujaplicin named cymorcin was proposed (see full pathway Figure A.12) 

and we had it commercially synthesized for us. We tested this substrate in in vitro 
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enzyme reactions containing purified TpDOX1, 2 and 3 proteins as well as cofactors 

Fe(II) and 2OG according to published procedure. Unfortunately, no β-thujaplicin was 

detected in subsequent GC-MS analyses. To rule out the possibility of defective protein 

resulting from the purification process we tested an in vivo enzyme assay in E. coli in 

which proteins were overexpressed, and enzyme assay was carried out by providing not 

just cymorcin but also Fe(II) and 2OG. These assays also did not result in β-thujaplicin 

production. Taken together, the results suggest that cymorcin is either not the right 

precursor to β-thujaplicin, or that TpDOX1, 2 or 3 do not have a role in β-thujaplicin 

biosynthesis.   

To avoid the need for correct substrate, we turned to Agrobacterium-mediated 

transient over expression of TpDOX1, 2, 3 and TpTS1 in cell cultures of C.lusitanica and 

C. cashmeriana, related Cuppressaceae species that differently from T. plicata, grow 

well as calli in our hands. Moreover, C.lusitanica cells can produce β-thujaplicin in 

response to fungal extract [15]. After cocultivation with Agrobacterium lines with binary 

plasmids for TpDOX1, 2, 3 and TpTS1, we observed considerable overexpression, 

especially with the prime candidate, TpDOX1 (Figure 4.7). Relative to the most relevant 

negative control, cells exposed Agrobacterium and binary plasmid without insert, we 

observed elevated levels of β-thujaplicin in samples overexpressing TpDOX1, 2 and 

TpTS1 (Figure 4.8). However, the levels were low, especially relative to the levels of 

over expressed transcripts, and we did not observe any induction in C. lusitanica cells. 

Since it’s possible that suitable endogenous substrate is not produced in these cells, we 

combined Agrobacterium exposure with fungal elicitation in C.lusitanica, a treatment 

shown to induce β-thujaplicin in C. lusitanica cell culture [209,229]. We observed 

elevated β-thujaplicin levels after fungal extract treatment and in the absence of 

Agrobacterium, but this effect was absent in all combinations of fungal extract and 

Agrobacterium exposure (empty vector, TpDOX1 and TpTS1) (Figure 4.9).  Clearly, 

Agrobacterium exposure has a negative impact on β-thujaplicin production, an effect we 

had seen before (Figure 4.8). In the light of this negative impact, we are unable to draw 

any conclusion on a potential role of tested enzymes in β-thujaplicin production based on 

our in vivo experiments. To overcome the negative effects of Agrobacterium, we have 

attempted to generate stable transgenic C. lusitanica overexpression lines cured from 

Agrobacterium by repeated antibiotic exposure. These attempts have hitherto been 
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unsuccessful, which is perhaps not surprising, since no transformation procedure has to 

date been established for this or other related species.  

This chapter is exploratory in nature and reveals that there are multiple hurdles to 

overcome before we can support or reject the hypothesis that any of these TpDOX 

enzymes are involved in β-thujaplicin biosynthesis. While in vitro assays with individual 

TpDOX proteins and specific substrates would produce the strongest evidence if β-

thujaplicin is produced, predicting, and having the correct substrate synthesized is a 

challenge. We have recently tested another candidate substrate 4(8)-p-menthene-1,2-

diol [324] synthesized for us, and again not observed β-thujaplicin production (or any 

other product) (data not shown). We have considered purifying metabolites from C. 

lusitanica cell lines induced for β-thujaplicin production but lack the expertise and 

equipment for fractionation and analysis of potential intermediates. From this 

perspective, in vivo assays appear to be the most straightforward approach. Since we 

have been unable to establish cell cultures from T. plicata seedlings, foliage or sapwood, 

our best choices still are C. lusitanica and C. cashmeriana cell lines. In light of the 

observed negative effects of Agrobacterium on β-thujaplicin production, the preferred 

path is to generate stable transgenic lines, possibly using inducible promoters to avoid 

potential toxicity of involved proteins. The lack of transformants is probably due to a 

combination of low stable transformation frequency and low survival frequency from 

hygromycin selection. We have recently started to use a binary plasmid carrying genes 

that results in transformed cells that produce a red product visible under 

stereomicroscope. This visual marker may allow us to overcome the above problems.  
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Chapter 5. An assessment of the effects of stump 

removal before planting on expression of stress and 

secondary metabolite biosynthesis genes 

5.1. Materials and Methods 

5.1.1. Experimental design and sample information 

T. plicata samples were collected from 50-year-old trees at an experimental site 

in Skimikin (50°48′ 32′′N and 119°25′16′′W), located near Salmon Arm, in the southern 

interior of British Columbia, Canada. This site has two adjacent 80 m x 160 m blocks, 

with one stumped by excavator and the other left unstumped, before planting. Each 

block was divided into 32 plots, each 20 m square (Figure A.13). Single species and two 

species mixtures were planted in both stump treatments. In this study, cedar trees grown 

in monoculture and in admixtures with Douglas-fir were randomly sampled from four 

stumped and six unstumped plots. From stumped plots, monoculture cedar trees were 

collected from plot no. 4 (5 trees), 12 (5 trees) and 9 (5 trees) whereas cedar trees 

growing with fir were collected from plot 24 (7 trees). In unstumped plots, monoculture 

cedar trees were collected from plot 33 (5 trees), 46 (5 trees) and 56 (5 trees) whereas 

cedar trees growing with fir were collected from plot 37 (5 trees), 42 (5 trees) and 51 (5 

trees) (Figure A.13). By using a 12.5mm increment borer, ~8cm wood cores were 

sampled from fifty-two trees at breast height. These trees were sampled in June (early 

summer) and same trees were sampled in August (late summer). To recover an 

adequate quantity of RNA two cores were collected from each individual tree. Tree cores 

were immediately stored on dry ice and then stored at -20°C laboratory freezer before 

proceeding with RNA extraction.  

5.1.2. RNA extraction 

Three different sections i.e., sapwood, sapwood to heartwood transition zone and 

two rings of heartwood were pooled together for total RNA extraction. These sections 

were cut into small pieces with chisel and hammer and ground into a fine powder using a 

freezer mill (SPEX CertiPrep 6750 Freezer Mill, Metuchen, NJ, USA). The extraction 

procedure followed a modified CTAB protocol as previously described [325]. Briefly, 
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about 2 g of grounded powder was dissolved in a modified CTAB extraction buffer (2% 

CTAB; 200 mM Tris, pH 8.0; 50 mM EDTA, pH 8.0; 1 M NaCl; 0.5% activated charcoal; 

1.5% polyvinylpolypyrrolidone; and 1.5% β-mercaptoethanol) for 15-30 min at 65°C. The 

mix was extracted 2 to 3 times with chloroform to sufficiently remove cell debri, protein, 

polysaccharides, followed by isopropanol-based precipitation of nucleic acids, 

solubilization of pellet and Li-Cl based precipitation of RNA. The RNA concentration and 

purity were measured by NanoDrop spectrophotometer (Nanodrop 2000, Thermo 

Scientific). The integrity of RNA was analyzed by bleach gel electrophoresis [262].  

5.1.3. cDNA library preparation, and 3’ end mRNA sequencing 

To isolate the mRNA from ribosomal RNAs and tRNAs, lexogen’s Poly(A) RNA 

selection kit (Lexogen inc, Austria) was used, which uses Magnosphere oligo(dT) beads 

that hybridizes to the polyadenylated 3’ ends of mRNAs. The concentration of polyA 

RNA was quantified with Qubit fluorometer by using Qubit RNA High Sensitivity assay kit 

(Invitrogen). The cDNA libraries were prepared from 1 µg of polyA enriched mRNA using 

QuantSeq 3' mRNA-Seq Library Prep Kit FWD for Illumina Cat. No. 015.24 (Lexogen, 

Austria) and multiplexing barcodes for Illumina (i7 index primers 7001-7096; Lexogen, 

044.96) with 13 PCR cycles for library amplification. The quantity of the libraries was 

determined with on a Qubit fluorometer, pooled together for multiplexing, and sent to 

Genome Quebec at McGill University, Montreal, Canada for sequencing on an Illumina 

HiSeq 2000 platform. 

5.1.4. Quality control and data pre-processing 

For June samples, the illumina sequencing generated about 5 million reads of 50 

bp lengths for each tree library. The 3’-end reads were trimmed to remove adapter 

sequences (12 bp), polyA stretch and low-quality tails by the use of BBDuk 

(https://jgi.doe.gov/data-and-tools/software-tools/bbtools/bb-tools-user-guide/bbduk-

guide/). The quality of the reads, before and after trimming, was assessed using FastQC 

(https://www.bioinformatics.babraham. ac.uk/projects/fastqc/). The trimmed reads were 

aligned to a primary T. plicata wood-derived transcriptome using Bowtie2 and the 

number of reads per transcript were counted using RSEM [326]. For August samples, 

the count matrix was obtained from [263]. The count matrices for June and August were 

used for subsequent statistical analysis. 

https://jgi.doe.gov/data-and-tools/software-tools/bbtools/bb-tools-user-guide/bbduk-guide/
https://jgi.doe.gov/data-and-tools/software-tools/bbtools/bb-tools-user-guide/bbduk-guide/
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5.1.5. Identification of differentially expressed genes 

The count matrices for June and August were loaded into the limma package in 

R and a linear model was used to assess the differential gene expression [327]. In this 

analysis, the differences for sequencing depth and RNA composition were normalized 

using a TMM normalization method [328]. The raw counts were converted into counts-

per-million (CPM) and genes with expression values less than 1 CPM in 6 or more 

libraries was filtered out. A multidimensional scaling plot based on the log2(CPM) was 

generated to show relationships between samples. A design matrix was created using R 

function model.matrix that describes the model to be fitted [329]. The function voom 

[330] used the above normalisation factor and design matrix to calculate associated 

weights, ready for linear modelling. The blocking effect for plot was handled using 

function duplicate correlation and a linear model was fitted using the weights calculated 

above for each gene. The eBayes function, which performs empirical Bayes shrinkage 

on the variances, and estimates moderated t-statistics and the associated p-values. 

Genes with an adjusted P-value ≤ 0.05 were considered significantly differentially 

expressed and used, respectively. The gene expression patterns were visualized using 

R function heatmap2 in the gplots package. The functional enrichment analysis of DEGs 

was performed with GOseq R package [331]. A false discovery rate (FDR) of ≤0.05 was 

used as a cut-off for the enrichment. The differences of average expression of terpene 

synthases were tested by linear mixed model analysis. The analysis was done in the 

JMP 15.0 statistical software. To determine the statistical significance of average 

expression differs by stump treatment, we used a linear mixed effect model analysis. 

Here gene expression was included as the response variable, treatment as a fixed 

effect, and plots as a random effect. The accuracy of the model assumptions was 

validated by drawing a residual plot. The analysis showed no significance due to an 

outlier and possible violation of the normality assumption. The analysis was run again 

without the outliers and showed a significant difference in expression with a p-value of 

0.0237. However, we found only 5% of the variation for plots, therefore, in addition, we 

removed plots as a random effect and performed a nonparametric Wilcoxon test, which 

is resistant to outliers and doesn’t require any normality assumptions. 

5.2. Results 
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5.2.1. Treatment effects on number of differentially expressed genes 

(DEGs) 

The fungi Armillaria ostoyae causes root and stem butt rot in T. plicata trees. 

Studies of a site infected with A. ostoyae has shown that removal of stumps after harvest 

and before planting in 1968 resulted in higher tree survival rate, improved growth, and 

higher wood density in part because of higher levels of terpenoid extractives [7,332]. 

Here we aimed at assessing if trees from stumped and unstumped plots differ in gene 

expression 50 years after the initial treatment, and if so, if gene expression profiles could 

shed some light on a possible cause of that. In our first analysis, we considered 

treatment unstumped versus stumped as fixed effects and evaluated the gene 

expression for monoculture of T. plicata (Cw) in stumped versus unstumped plots. This 

analysis found that in June, a total of 233 DEGs had statistically significant differences 

(fold change 1) between trees from unstumped and stumped plots, among them 129 and 

60 were 1.5 and 2-fold (false discovery rate, FDR <0.05) differentially expressed (Figure 

5.1A). In RNA from the same individuals harvested in August, we found a higher number 

of genes differentially expressed, a total of 1443, 1033 and 623 were statistically 

significant with fold change 1, 1.5 and 2 (false discovery rate, FDR <0.05) (figure 5.1B). 

In a second analysis, we considered treatment monoculture T. plicata (Cedar west, 

commonly abbreviated Cw) vs. T. plicata mixed with Pseudotsuga menziesii, a.k.a. 

Douglas fir (Df, and a mix referred to as Cwfd), as fixed effects and evaluated the gene 

expression as above. However, no significant difference in gene expression was found, 

suggesting mono versus mixed culture had no effect on wood gene expression. 

Therefore, we increased statistical power for unstumped versus stumped treatment 

comparison by pooling Cw and Cwfd replicates. We found that the number of DEGs 

almost doubled in June samples with 449, 224 and 92 genes at 1, 1.5 and 2-fold cut-off 

levels respectively (Figure 5.1C). Similarly, for August the number increased to 3059, 

1791 and 769 for 1, 1.5 and 2-fold (figure 5.1D) (FDR <0.05). 
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Figure 5.1. Effect of stumped and unstumped pre-treatment on wood gene expression in 50-
year-old trees.  

Fold-change on x-axis, number of differentially expressed genes on y-axis. Comparison of T. 

plicata (Cw) monoculture in Stumped Vs Unstumped in samples taken in June (A) and August 

(B). Comparison of T. plicata samples pooled from monoculture (Cw) and mixed culture with 

Douglas fir (Cw+Cwfd) in Stumped Vs Unstumped in samples taken in June (C) and August (D). 

5.2.2. Downregulation of stress response in stumped plots vs 

unstumped plots in August 

Gene Ontology (GO) term analysis is a commonly used tool to identify if specific 

processes are affected by a treatment via comparing the differentially expressed genes 

to the functional annotation attached to similar genes in a database. The small gene set 

found to be differentially expressed in wood of trees from stumped versus unstumped 

plots sampled in June was small and provided just a few GO terms that were enriched.  

Among the upregulated genes, terms related to DNA-binding transcription factor activity 
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were overrepresented and in downregulated genes, nitrate assimilation, gibberellin 20-

oxidase activity were enriched. The set of differentially expressed in August was larger 

and provided more GO enriched terms. Among the upregulated terms that were 

enriched in stumped trees were several related to photosynthesis (Table 5.1). This is 

surprising considering that the RNA samples come from wood under the bark of mature 

trees. Either there is residual light reaching the wood, or these genes have plastid 

functions besides photosynthesis. About 76 genes related to integral component of 

membrane were enriched and among them, about 10 genes related to cytochrome 

P450, which are frequently involved in secondary metabolite biosynthesis.  

Table 5.1. List of top GO-enriched terms genes 2-fold upregulated in stumped relative to 
unstumped in August. 
GO term category available on GO site, p-value of enrichment of category, number of 
differentially expressed genes (DEGs) enriched in that category, term for category, and ontology 
definition. CC=Cellular Component, MF=Molecular Function, BP=Biological Process, FDR=false 
discovery rate.   

Category P-value No. DEGs Term Ontology FDR 

GO:0009522 2.68E-08 8 photosystem I CC 0.0002 

GO:0009535 7.16E-08 20 chloroplast thylakoid 

membrane 

CC 0.0002 

GO:0016168 7.70E-08 8 chlorophyll binding MF 0.0002 

GO:0048544 4.23E-07 10 Recognition of pollen BP 0.0008 

GO:0009765 8.06E-07 5 photosynthesis, light 

harvesting 

BP 0.0013 

GO:0018298 1.12E-06 8 protein-chromophore 

linkage 

BP 0.0015 

GO:0009523 3.74E-06 7 photosystem II CC 0.0043 

GO:0016021 2.29E-05 76 integral component 

of membrane 

CC 0.0232 

GO:0005516 6.82E-05 11 calmodulin binding MF 0.0615 

GO:0010214 8.80E-05 5 Seed coat 

development 

BP 0.0713 

GO:0042754 0.0002 3 negative regulation of 

circadian rhythm 

BP 0.1571 

GO:0030246 0.0003 13 carbohydrate binding MF 0.1571 
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Table 5.2. List of top GO enriched genes 2-fold downregulated in Stumped relative to 
Unstumped in August. 
 GO term category available on GO site, p-value of enrichment of category, number of 
differentially expressed genes (DEGs) enriched in that category, term for category, and ontology 
definition. CC=Cellular Component, MF=Molecular Function, BP=Biological Process, FDR=false 
discovery rate.    

Category  P-value No. DEGs Term Ontology FDR 

GO:0051082 6.86E-14 21 unfolded protein 

binding 

MF 5.56E-10 

GO:0006457 1.82E-13 19 protein folding BP 7.39E-10 

GO:0051259 5.97E-13 12 protein complex 

oligomerization 

BP 1.61E-09 

GO:0042542 5.99E-12 14 response to hydrogen 

peroxide 

BP 1.21E-08 

GO:0000302 5.59E-11 12 response to reactive 

oxygen species 

BP 9.07E-08 

GO:0009116 8.86E-10 9 nucleoside metabolic 

process 

BP 1.20E-06 

GO:0043621 1.14E-09 13 protein self-

association 

MF 1.32E-06 

GO:0003824 1.45E-09 9 catalytic activity MF 1.46E-06 

GO:0009408 1.74E-09 16 response to heat BP 1.57E-06 

GO:0045735 1.61E-08 10 nutrient reservoir 

activity 

MF 1.31E-05 

GO:0061077 3.81E-07 7 chaperone-mediated 

protein folding 

BP 0.0003 

GO:0009644 5.20E-07 9 response to high light 

intensity 

BP 0.0004 

GO:0009651 1.89E-06 20 response to salt stress BP 0.0012 

GO:0015250 3.02E-05 5 water channel activity MF 0.0175 

GO:0042807 0.0001 3 central vacuole CC 0.0555 

GO:0046524 0.0002 2 sucrose-phosphate 

synthase activity 

MF 0.1071 

 

To assess the putative functions of the genes upregulated in August in trees growing at 

unstumped site relative to stumped sites, BLASTX was used to compare their sequence 

similarity with other known sequences (Table 5.3). Genes related to Abscisic Acid (ABA) 

biosynthesis such as putative 9-cis-epoxycarotenoid dioxygenases (NCED3), ABSCISIC 

ACID-INSENSITIVE 5-like protein, abscisic acid receptor were upregulated. Several 

heat shock proteins (Class I, II & III), transporters such as copper, inositol, iron, 

magnesium, amino acid, proline, and ammonium, also chaperone protein dnaJ, 

molecular chaperone regulator, aquaporins all were upregulated. Others stress related 

genes such as Leucine-rich repeat receptor-like serine/threonine-protein kinase, disease 

resistance protein, heat stress transcription factor, universal stress protein A-like protein, 

ankyrin repeat containing protein, ethylene-responsive transcription factor were 
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upregulated (e-value <0.0, logFC >0.5 and P-value and FDR <0.05). Overall, these 

multiple processes related to the effects of drought and heat stress show that cells in the 

wood trees at unstumped sites are more stressed than cells in wood of trees at stumped 

sites.  

Table 5.3. Stress-related genes upregulated in trees from unstumped vs stumped plot in 
August.  
Gene ID in wood transcriptome, description based on top BLASTX match, low E-value indicates 
high sequence similarity, logFC indicates fold upregulation, P-value of upregulation, and false 
discovery rate of upregulation (all below 0.05).  
 

GeneID Description 

 

E-

value 

logFC P-value FDR 

                                                                                  Abscisic acid (ABA) 

DN61301c0_g1_i1 E3 Ubiquitin protein ligase 1E-60 0.6554 0.0011 0.0247 

DN71010c0_g1_i3 protein phosphatase 2C 0.0 0.6276 1.48E-05 0.0012 

DN58498c0_g1_i1 Transcription factor MYB3 1E-19 1.8099 0.0031 0.0460 

DN75193c0_g2_i2 9-cis-epoxycarotenoid dioxygenase NCED3 0.0 2.6469 8.90E-07 0.0002 

DN55257c0_g1_i4 9-cis-epoxycarotenoid dioxygenase NCED3 0.0 1.8720 0.0004 0.0119 

DN52390c0_g1_i1 ABSCISIC ACID-INSENSITIVE 5-like protein 3E-35 0.8304 2.78E-09 2.61E-

06 

DN44293c0_g1_i3 Abscisic acid receptor 2E-90 0.6916 0.0019 0.0341 

DN40374c1_g1_i1 Dehydration-responsive  

element-binding protein 

6E-31 2.2039 3.87E-05 0.0023 

DN47599c1_g1_i4 ABSCISIC ACID-INSENSITIVE 5-like protein 7E-41 0.9921 0.0027 0.0431 

DN80920c0_g8_i2 Putative dehydration-responsive element-binding 

protein 

5E-20 1.2683 0.0026 0.0417 

DN47421c0_g2_i4 Mitogen-activated protein kinase 2e-60 2.1561 0.0017 0.0313 

      

                                                                       Reactive oxygen species (ROX) 
DN76808c1_g4_i1 class I heat shock protein 1E-23 0.7809 0.0006 0.0169     

DN74323c0_g3_i6 class I heat shock protein 6E-39 1.4679 0.0001 0.0054 

DN74723c0_g2_i2 class II heat shock protein 2E-49 2.1047 9.35E-07 0.0002 

DN75575c0_g1_i8 class II heat shock protein 2E-38 1.7246 3.04E-07 8.23E-

05 

DN50855c1_g2_i6 L-ascorbate peroxidase 0.0 0.4754 3.31E-06 0.0004 

DN44804c2_g1_i4 Chromophore lyase 1E-12 0.3958 1.26E-05 0.0011 

DN81519c1_g2_i6 Epoxide hydrolase B 5E-37 0.3406 0.0006 0.0161 

DN51477c0_g1_i1 Serine/threonine-protein kinase 0.0 1.1270 2.53E-05 0.0017 

DN55993c2_g1_i6 Heat shock protein 0.0 1.5223 0.0005 0.0148 

DN54718c0_g2_i10 Small heat shock protein 1e-56 2.0956 0.0009 0.0227 

DN55993c1_g1_i13 Heat shock protein 0.0 1.2838 8.31E-06 0.0008 

DN75308c1_g2_i1 class I heat shock protein 6e-67 1.0688 1.09E-05 0.0009 

DN53946c1_g1_i6 Heat shock cognate 70 kDa protein 0.0 1.3591 0.0008 0.0199 

DN38261c0_g1_i2 class III heat shock protein 5e-22 1.3122 0.0005 0.0141 

DN39593c0_g1_i3 Small heat shock protein 2e-61 1.6399 8.77E-07 0.0002 

DN66010c0_g1_i1 class IV heat shock protein 6e-51 1.2562 2.74E-05 0.0018 

DN53300c0_g1_i3 class II heat shock protein 2e-39 1.9849 9.35E-05 0.0044 

DN39726c0_g1_i1 Small heat shock protein 8e-34 1.1284 8.05E-05 0.0039 

DN55993c1_g1_i6 Heat shock protein 0.0 2.3870 1.16E-05 0.0010 

DN50095c1_g1_i6 class I heat shock protein 4e-43 1.9489 0.0003 0.0093 
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DN75018c0_g2_i2 heat shock protein 4e-23 1.5168 2.43E-10 5.37E-

07 

DN75308c0_g1_i1 class I heat shock protein 2e-63 1.7244 0.0032 0.0475 

DN53300c0_g1_i1 class II heat shock protein 2e-49 1.6749 1.45E-06 0.0002 

DN55993c2_g1_i9 Heat shock protein 1e-14 1.4446 6.61E-06 0.0007 

DN75575c0_g1_i9 class II heat shock protein 2e-38 1.8482 1.61E-05 0.0013 

DN50095c1_g1_i8 class I heat shock protein 1e-39 1.4393 0.0029 0.0454 

DN80127c1_g1_i4 class I heat shock protein 2e-62 1.7456 2.79E-06 0.0004 

DN76769c1_g1_i10 Small heat shock protein 1e-47 1.7218 1.54E-05 0.0012 

DN54718c0_g2_i9 Small heat shock protein 8e-56 1.7900 1.01E-06 0.0002 

DN53560c0_g1_i15 class IV heat shock protein 2e-47 1.2364 3.35E-05 0.0021 

DN53300c0_g1_i13 class II heat shock protein 1e-33 1.6962 7.39E-07 0.0002 

      

                                                                                          Transporters 

DN47619c0_g1_i3 Probable plastidic glucose transporter 1E-17 0.9407 5.61E-05 0.0030 

DN49182c0_g1_i1 Probable polyamine transporter 1E-16 1.8312 0.0010 0.0231 

DN45312c0_g2_i2 Copper transporter 2E-12 0.7851 0.0018 0.0331 

DN57713c0_g1_i18 Probable inositol transporter 2E-16 0.8788 0.0031 0.0466 

DN56626c0_g2_i3 Bidirectional sugar transporter SWEET1 8E-48 1.0409 0.0017 0.0324 

DN70284c0_g1_i6 Magnesium transporter 2e-14 1.0445 1.65E-10 4.54E-

07 

DN76495c0_g3_i2 Vacuolar iron transporter 2e-08 0.8522 0.0003 0.0103 

DN69687c0_g1_i1 Amino acid transporter 3e-10 0.4792 0.0028 0.0434 

DN19225c0_g1_i1 Magnesium transporter 3e-10 0.6963 0.0012 0.0249 

DN66271c1_g2_i1 Inorganic phosphate transporter 0.0 0.9374 0.0014 0.0286 

DN76941c2_g2_i11 Probable proline transporter 0.0 0.8574 0.0027 0.0429 

DN75967c0_g2_i16 Ammonium transporter 0.0 1.0068 0.0030 0.0458 

DN81234c1_g2_i12 Bidirectional sugar transporter SWEET1 1E-96 2.1172 3.29E-07 8.37E-

05 

DN79503c6_g2_i4 Probable polyol transporter 2E-14 1.8852 5.86E-06 0.0006 

DN57351c0_g1_i1 Choline transporter protein 0.0 0.4876 1.54E-05 0.0012 

DN59064c1_g1_i2 Oligopeptide transporter 2e-49 1.0902 0.0030 0.0459 

DN55604c1_g1_i2 ABC transporter C family member 0.0 1.1611 0.0006 0.0165 

DN81538c0_g1_i1 Oligopeptide transporter 0.0 1.3783 0.0020 0.0357 

DN63991c0_g1_i1 metal-nicotianamine transporter 0.0 1.8046 0.0002 0.0077 

DN77206c0_g2_i1 Molybdate-anion transporter 1e-62 1.4734 0.0012 0.0261 

      

Chaperones 

DN77486c7_g1_i9 Heat shock protein 1e-11 1.3425 2.31E-05 0.0016 

DN79431c1_g1_i6 Chaperone protein dnaJ 9e-19 1.3954 0.0011 0.0242 

DN70199c0_g1_i1 Chaperone protein DnaJ 9e-17 1.6632 1.49E-05 0.0012 

DN79566c2_g5_i1 Chaperone protein ClpB3 0.0 0.3068 0.0006 0.0165 

DN74460c1_g6_i1 Chaperone protein dnaJ 8 9e-22 0.688 0.0002 0.0067 

DN76410c0_g1_i15 20 kDa chaperonin 7e-10 0.688 1.78E-08 1.04E-

05 

DN78266c1_g1_i6 Chaperone protein dnaJ  8e-15 1.065 0.0001 0.0055 

DN78266c1_g1_i16 Chaperone protein dnaJ  3e-16 1.1305 0.0004 0.0116 

DN63771c0_g1_i4 20 kDa chaperonin 3e-94 1.0510 1.62E-06 0.0003 

DN74936c0_g1_i1 Chaperone protein dnaJ  2e-14 1.5574 0.0023 0.0386 

DN72683c0_g1_i4 BAG family molecular chaperone regulator  2e-12 1.5769 0.0002 0.0077 

DN48197c0_g1_i1 DnaJ homolog subfamily B member 1e-15 1.0707 1.24E-13 3.31E-

09 

DN54764c0_g1_i2 Chaperone protein dnaJ 2e-22 1.3279 7.36E-05 0.0037 

DN45170c0_g1_i1 BAG family molecular chaperone regulator 7e-14 1.5854 0.0007 0.0178 

DN50458c0_g1_i5 DnaJ homolog 1e-37 1.6361 0.0017 0.0321 
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DN45645c3_g2_i8 Chaperone protein DnaJ 9e-16 1.6299 1.32E-07 4.47E-

05 

DN48002c2_g1_i3 Chaperone protein dnaJ 3e-23 1.1568 6.42E-06 0.0007 

DN49925c0_g1_i4 Chaperone protein dnaJ 2e-20 1.1177 0.0005 0.0134 

      

Aquaporin 

DN52929c0_g2_i1 Aquaporin PIP2-7 2e-73 1.1247 2.13E-05 0.0015 

DN76906c6_g1_i4 Aquaporin TIP1-1 6e-11 1.4818 1.27E-05 0.0011 

DN76715c1_g1_i5 Aquaporin TIP2-1 1e-10 1.2025 3.87E-06 0.0005 

DN55057c0_g1_i1 Probable aquaporin PIP2-8 3e-14 1.7030 0.0002 0.0081 

DN76715c1_g3_i2 Aquaporin TIP2-1 9e-10 1.5326 0.0006 0.0156 

      

Others 

DN38173c0_g1_i2 Zinc finger AN1 domain-containing stress-

associated protein 

2e-38 1.6737 0.0021 0.0369 

DN56061c1_g1_i5 TMV resistance protein 2e-14 1.3778 0.0015 0.0298 

DN50517c1_g2_i6 Galactinol synthase 4e-53 1.7365 8.61E-05 0.0042 

DN57508c0_g2_i2 Leucine-rich repeat receptor-like serine/threonine-

protein kinase 

0.0 1.1754 0.0011 0.0241 

DN74740c0_g1_i1 Universal stress protein A-like protein 9e-06 1.4982 0.0003 0.0112 

DN66966c0_g1_i2 NDR1/HIN1-like protein 6e-27 1.0430 0.0028 0.0439 

DN53856c0_g1_i1 Universal stress protein Sll1388 1e-08 1.0659 0.0001 0.0060 

DN52128c1_g1_i5 Disease resistance protein 1e-12 1.5561 2.54E-05 0.0017 

DN74588c0_g1_i15 Galactinol synthase 2e-58 1.7928 3.03E-05 0.0019 

DN74310c1_g3_i3 Disease resistance protein 8e-18 1.5971 0.0003 0.0110 

DN51736c1_g3_i9 Heat stress transcription factor 3e-85 1.6283 0.0011 0.0244 

DN68312c0_g1_i1 NDR1/HIN1-like protein 2e-07 2.0529 0.0002 0.0079 

DN78518c1_g4_i1 Defensin 1e-25 2.3057 5.28E-06 0.0006 

DN76698c0_g2_i5 Heat stress transcription factor 3e-51 1.5387 2.01E-05 0.0015 

DN53070c2_g1_i1 Wound-induced protein 1e-79 3.8801 0.0002 0.0087 

DN49773c0_g1_i14 Universal stress protein A-like protein 2e-06 2.2501 0.0009 0.0222 

DN49479c1_g2_i2 Probable disease resistance protein 5e-16 1.2091 0.0030 0.0458 

DN53099c0_g3_i3 Ethylene-responsive transcription factor 9e-46 3.1919 0.0003 0.0090 

DN51824c1_g1_i4 Ankyrin repeat-containing protein 1e-19 1.0416 0.0009 0.0226 

DN56883c0_g1_i6 LRR receptor-like serine/threonine-protein kinase 1e-50 1.0467 0.0016 0.0312 

DN74504c2_g12_i1 Ethylene-responsive transcription factor 1e-33 2.6517 1.48E-05 0.0012 

DN52894c0_g2_i3 Ethylene-responsive transcription factor 4e-27 1.5791 0.0007 0.0179 

DN50341c1_g2_i4 Disease resistance protein 5e-06 1.2353 0.0003 0.0090 

DN58645c1_g1_i2 Disease resistance protein 1e-18 2.1493 5.93E-07 0.0001 

DN76027c0_g1_i2 Ethylene-responsive transcription factor 7e-22 1.2011 0.0016 0.0308 

DN80376c1_g1_i10 Disease resistance protein 2e-18 1.3855 8.67E-05 0.0042 

DN78947c0_g1_i2 Protein STRICTOSIDINE SYNTHASE-LIKE 2e-84 2.0877 0.0025 0.0405 

DN77522c3_g2_i1 Universal stress protein 5e-14 1.0684 0.0012 0.0255 

DN55219c1_g1_i1 Disease resistance protein 1e-07 2.5413 0.0001 0.0054 

DN58645c1_g1_i3 Disease resistance protein 7e-29 1.3313 0.0019 0.0343 

DN79901c0_g1_i2 Ethylene-responsive transcription factor 2e-35 2.0575 0.0018 0.0328 

DN74823c0_g7_i1 Hydrophobic protein LTI6A 1e-22 1.5212 0.0004 0.0121 

DN54768c0_g1_i1 Universal stress protein 4e-65 1.0942 0.0003 0.0107 

DN54774c0_g1_i6 Heat stress transcription factor 5e-48 1.3242 0.0004 0.0121 
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5.2.3. Upregulation of terpene synthase-encoding transcripts in wood 

of stumped trees 

Trees growing at stumped plots have shown over decades to have higher wood density 

and higher levels of heartwood terpenoid extractives. To assess if this effect is still 

ongoing, we identified transcripts with the terpene synthase annotation in the combined 

libraries. We found that their combined expression was higher in wood of stumped trees 

than in unstumped trees in the dataset sampled in August (Figure 5.2). 

 

Figure 5.2. Average gene expression of terpene synthases (TPSs) in stumped and 
unstumped plots. 
A linear mixed effect model was used to test the differences in gene expression. Average 

expression of TPSs shows significant difference between stumped and unstumped with p-value 

0.024.  

Since we have identified mono and sesquiterpene synthases that produce defined 

terpenes (chapter 2), we also assessed if their specific transcripts were affected. Figure 

5.3 shows that transcripts of the identified terpinolene, 3-carene and elemol synthases 

were expressed at significantly higher levels in wood of trees from stumped plots relative 

to trees from unstumped plots.  
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Figure 5.3. Average gene expression of terpinolene, 3-carene and elemol synthases in 
stumped and unstumped plots.  

A linear mixed effect model was used to test the differences in gene expression. The difference of 

the average expression of terpinolene (A), 3-carene (B) and elemol (C) synthases in stumped and 

unstumped plots are significant with p-value <0.05. 

5.2.4. Climate data from June and August sampling times 

We sampled the same trees in June and August because active growth is likely to 

occur in June, and heartwood extractives are likely to be produced in August. Moreover, 

the sampled site frequently experiences drought stress in August. Figure 5.4 shows 

climate data collected at a weather station about 20 km away from the sampled site in 

the same year. It shows that average temperature was several degrees higher in August 

than in June, and that precipitation in August was 37% of that in June. Moreover, we did 

not observe any obvert signs of drought stress in June, whereas treetops showed 

extensive flagging due to lack of turgor pressure in August.  
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Figure 5.4. Average temperature and precipitation at the Silver Creek weather station in 
Silver Creek, British Columbia for the year 2018.  

The weather station, maintained by CCN, is ~20 km from the sampling site, and data were obtained 

from a publicly available dataset at [333]. Figure recreated from data obtained from [263].  

5.2.5. Differential gene expression in wood of the same trees sampled 

in June and August  

We compared the expression of wood taken from the same trees in June and 

August to assess the extent of differential gene expression between them. Visualization 

of DEGs at >2 fold showed that a total of 5661 genes were differentially expressed at 

significant levels (FDR <0.05), with 2714 upregulated and 2947 downregulated in August 

relative to June (Figure 5.5). 

 

 

Temperature oC 
Precipitation mm 
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Figure 5.5. Heatmap showing the relative expression of the differentially expressed genes 
in pairwise comparisons between June and August.  

The columns represent DEGs from individual trees, with purple bar indicating August sampling 

treatment group, and orange bar June sampling treatment group, with a p-value cut-off at 0.05 and 

a fold change cut-off at 2-fold. Rows indicate individual DEGs, with branches and sub-branches 

representing genes with similar profiles of differential expression. Yellow to red indicate 

upregulation, purple to blue indicate down regulation. Top genes across samples = 2-fold 

differentially expressed genes.     

Gene ontology (GO) functional enrichment analysis of the upregulated genes 

indicated that GO terms such as DNA binding transcription factor activity, defense 

response, terpene synthase activity, response to wounding, nutrient reservoir activity was 

significantly overrepresented in August (Table 5.4). Whereas in June, GO terms related 

to cell wall biogenesis, cell wall organization, apoplast, microtubule binding, microtubule 

motor activity was significantly overrepresented with an FDR <0.05 (Table 5.5). The 

enrichment for cell wall biosynthesis GO terms in June indicate active growth whereas the 

many drought and other abiotic stress-related terms enrichment in August indicate that 

drought stress was present also in living wood cells. Moreover, the enrichment for the 

terpene biosynthesis term, with 20 genes expressed at higher levels in August than in 

June, is constituent with heartwood formation in August.  
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Table 5.4. Top 10 GO enriched terms with transcripts 2-fold upregulated in August relative 
to June.  
GO term categories available on the GO site, p-value of enrichment of category, number of 
differentially expressed genes (DEGs) enriched in that category, term for category, and ontology 
definition. CC=Cellular Component, MF=Molecular Function, BP=Biological Process, FDR=false 
discovery rate.   
 

Category Overrepresented 

p-value 

No. of DE 

in 

category 

term ontology Over 

represented 

FDR 

GO:0003700 1.62E-12 160 DNA binding transcription 

factor activity 

MF 1.32E-08 

GO:0006952 9.48E-11 133 Defense response BP 3.87E-07 

GO:0010333 4.07E-10 20 Terpene synthase activity MF 1.11E-06 

GO:0008194 1.35E-09 32 UDP glycosyltransferase 

activity 

MF 2.76E-06 

GO:0009611 6.20E-09 49 Response to wounding BP 8.59E-06 

GO:0005576 6.31E-09 118 Extracellular region CC 8.59E-06 

GO:0045735 2.37E-08 22 Nutrient reservoir activity MF 2.77E-05 

GO:0016208 9.92E-08 17 AMP binding MF 0.0001 

GO:0042742 1.71E-07 106 Defense response to 

bacterium 

BP 0.0002 

GO:0005886 2.54E-07 349 Plasma membrane CC 0.0002 

Table 5.5. Top 10 GO enriched genes 2-fold upregulated in June relative to August.  
GO term categories available on the GO site, p-value of enrichment of category, number of 
differentially expressed genes (DEGs) enriched in that category, term for category, and ontology 
definition. CC=Cellular Component, MF=Molecular Function, BP=Biological Process, FDR=false 
discovery rate.   
 

Category Over 

represented 

p-value 

No. of DE 

in category 

term ontology Over 

represented 

FDR 

GO:0009834 2.97E-23 31 Plant type secondary 

cell wall biogenesis 

BP 2.42E-19 

GO:0005874 5.02E-14 53 microtubule CC 2.05E-10 

GO:0048046 1.64E-12 102 apoplast CC 4.48E-09 

GO:0005576 7.71E-12 135 Extracellular region CC 1.57E-08 

GO:0071555 1.06E-11 69 Cell wall organization BP 1.72E-08 

GO:0008017 5.14E-11 41 Microtubule binding MF 7.00E-08 

GO:0003777 6.90E-10 21 Microtubule motor 

activity 

MF 7.05E-07 

GO:0005871 6.90E-10 21 Kinesin complex CC 7.05E-07 

GO:0007018 1.22E-09 21 Microtubule based 

movement 

BP 1.11E-06 

GO:0045492 1.90E-09 11 Xylan biosynthetic 

process 

BP 1.55E-06 

GO:0005618 3.15E-08 88 Cell wall CC 1.98E-05 

GO:0030244 7.23E-06 17 Cellulose biosynthetic 

process 

BP 0.0030 
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5.3. Discussion 

To date the effect of stump removal before planting at the described site has 

been shown to increase survival, growth, and wood density and reduce rot decay, 

[7,244,245,247,248,332], with the original intention of removing substrate for growth of 

A. ostoyae that had caused extensive root and butt rot at this site before. The cause of 

the observed beneficial effects is far from fully understood and we test if gene 

expression analyses of wood, including cambium forming xylem, differentiating xylem, 

living xylary ray and axial parenchyma cells, and finally, in the transition zone in which 

the ray cells produce the secondary metabolites before they die. The secondary 

metabolites, primarily lignans and terpenoids, in turn contribute to both rot resistance 

and wood density. Since wood growth occur primarily in spring and early summer, 

whereas secondary metabolites are produced late summer and fall and suspected 

drought typically occurs in August, we sampled the same 52 trees in June and August. 

While RNA-seq studies are rarely used on field-grown mature trees because of 

extensive biological variation, and a risk for identification of DEGs by chance among the 

many thousands of assessed genes. We found, however, a surprisingly large number of 

genes that were differentially expressed in wood from trees grown at stumped and 

unstumped sites when sampled in August (but not in June) and when comparing 

expression in all sampled trees in June and August. Moreover, large portions of 

identified gene sets matched the physiological expectations indicating that relevant 

genes were identified. In particular, genes upregulated in June compared to August were 

enriched for GO terms and a large portion of genes related to cell wall biosynthesis, 

consistent with expected cell growth in June. Vice versa, genes upregulated in August 

were enriched for many GO terms related to stress, in particular drought stress, which is 

consistent with the drought we observed at time of sampling as well as climate data 

collected nearby. In the comparison of wood gene expression between trees planted at 

sites where stumps had or had not been removed before planting 50 years ago, the 

most noticeable GO term enrichment was for terms related to abiotic stress in wood from 

unstumped sites. With respect to wood terpene content, related to both rot resistance 

and wood density, we found that 20 genes with annotations related to terpene 

biosynthesis as well as a set of cytochrome P450 genes were significantly upregulated 

in August versus June, and that wood from trees at stumped sites had higher expression 

of terpene synthases, including candidates for the first committed step in biosynthesis of 
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the most abundant terpenoid, -thujaplicin (chapter 2). Since a treatment that took place 

50 years ago is unlikely to have a direct effect on gene expression - terpene synthases 

or drought response genes - we propose a model in which a sequence of events may 

explain observed differences (Figure 5.6). Previous data show that most trees growing in 

unstumped plots had root disease, suggesting root damage could limit water and mineral 

uptake and thereby photosynthesis and growth [12]. In addition, the trees with reduced 

water uptake would experience more drought stress during late-summer drought spells, 

frequently occurring in the region, in line with the observed higher levels of drought-

related GO terms found to be upregulated in wood from trees on unstumped sites 

relative to stumped sites and also in line with the extensive enrichment of drought and 

abiotic stress terms in samples collected in August compared to June. Higher growth 

and wood density in trees at stumped can be attributed to better access to water and 

minerals in general. A key component of heartwood density is the amount of extractives 

it contains, and unpublished data show higher levels of terpenoid extractives in wood of 

trees grown on stumped sites (Cruikshank, in manuscript). Our results show that (1) 

terpene biosynthesis is highly active in August relative to June, and (2) that terpene 

synthases are expressed at higher levels in wood of trees on stumped sites in August, 

(3) which coincides with drought stress. Thus, it stands to reason that higher wood 

density and extractive levels are due to less negative impacts of drought stress at this 

time of the year. In addition to direct effect on gene expression, drought stress likely has 

an impact on accumulation of starch in amyloplasts stored in ray and axial parenchyma 

and used up to produce and secrete the large amounts of secondary metabolites in the 

transition zone (data not shown).  
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Figure 5.6. Model of sequence of events leading to higher wood density in trees growing 
on stumped sites.  

It proposes that frequently occurring late summer droughts are less severe in trees at stumped 

sites due to better water uptake, which has a direct impact on terpene biosynthesis occurring at 

the same time. This model explains how a silvicultural treatment 50 years ago can have effects 

on gene expression in current time.  
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Summary Statement 

The genetic basis of secondary metabolite biosynthesis in developing heartwood 

is not understood or understood well in tree species. This may appear surprising 

considering the high value of heartwood in many species. On the other hand, forest tree 

species cannot readily be genetically dissected by mutant screens and phenotype 

analyses as has been done for a selected few annual species with short life cycles. In 

addition, the process of heartwood formation occurs deep into the wood and is done by 

a selected few living parenchyma cells among dead tracheids and fibers. Here we used 

a protocol that allowed recovery of RNA from the region of heartwood in combination 

with large-scale RNA sequencing to identify genes upregulated during heartwood 

formation in T. plicata. Among them, we focused on transcripts with high sequence 

similarity to known terpene synthases because these enzymes carry out the first 

dedicated steps in the production of specific terpenoids. We identified two genes, and 

corresponding enzymes TpTS1 and TpCS1, that produce terpinolene, the first predicted 

step in the biosynthesis of the tropolone β-thujaplicin. Moreover TpCS1 produces 3-

carene as the most abundant product. None of these monoterpenes have been found at 

high levels in T. plicata heartwood, and they are likely to be converted into β-thujaplicin 

and other tropolones that are abundant in T. plicata heartwood. The identification of a 

sesquiterpene synthase that produces elemol and diterpene synthases that produce 

normal-copalyl diphosphate, an intermediate for diterpene biosynthesis, and the 

diterpenes sandaracopimaradiene or syn-stemod-13(17)-ene depending on the 

substrate, and levopimaradiene. These diterpenes are and their derived acids and 

alcohols are known to occur in wood resin of other conifer species, in which they are 

implicated in both rot and insect resistance based on their toxicity. The sesquiterpene 

elemol is likewise implicated in termite resistance in another species. None of these 

compounds or their derivatives have to our knowledge been identified in T. plicata 

heartwood. Since existing literature focus on β-thujaplicin (and related tropolones) for 

discussion and selection efforts towards improved heartwood rot resistance, but the 

tropolones are largely or entirely gone from older heartwood, these compounds should 

be considered for durable resistance. Diterpene derivates are known to remain in 

heartwood for hundreds of years, and although initially produced at lower levels than 

tropolones, their role in rot resistance could be more relevant than the fleeting 

tropolones. Taken together, these identified genes, enzymes and their products 
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constitute the first and fairly large step forward in the understanding of terpene 

biosynthesis during heartwood formation in T. plicata, and also a substantial contribution 

to the field as a whole. We were unable to show that identified DOX genes carry out the 

ring expansion characteristic of tropolones, and revised approaches have to be taken to 

prove or disprove such functions. Our transcriptome also contains candidates for various 

modifications of identified terpenes into final compounds stored in the heartwood. Strictly 

speaking, the functions of genes and proteins based on enzymatic activity do not 

necessarily need to be shown to be useful for marker assisted selection. This study 

demonstrates that relevant genes and enzyme activities have been found. It should be 

possible to proceed to identification of associations between variants in these genes and 

content of corresponding terpene metabolites, and when found, be used as genotype 

markers for phenotype prediction in young trees, circumventing the need for waiting for 

15-20 years before levels of individual terpenoids can be quantified. Moreover, 

heartwood terpene content may be a much more limited quantitative trait than for 

example growth and drought resistance, and therefore may not require unaffordable 

genomic selection to be integrated into a breeding program with limited resources. 

Finally, we were provided with the opportunity to test if RNA-seq could be used to shed 

some light on how a silvicultural treatment, removal of stumps from a root and butt rot-

diseased site, that took place some 50 years ago could still have an effect on growth and 

wood quality. Based on gene expression results we could develop a model that is both 

plausible and provide testable hypotheses to further the understanding of the observed 

differences, and also help define further applications of this beneficial treatment.  
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Appendix A. Supplementary figures 

>TpTS1(OM324392) 
CTGAAAGCTCCTCAATATTCTGCACTCCACTTTTCTGTATATAAAAAGCGCAGCAAACAAGCATTCCTGGC

ATCCTCCTTTTCTACAACTTAGAAACCATTTCTATCTGAGAAAGGGGAGGAAACAAATAAGTTGTTGTGCA

ATGGCTCTTTCCTCTGCTTTTTCATACAATTTCTGCCTCAAATCTCAGCCTTCCCAATCCCAATCCCAATC

CCAAACCCAGTCCCACACTTTTGCTGTTAACAAAGGTAAAGCAGGGCTGCCATTAAAGCCCAGAACAAAGG

TGTTCATGAATAACCCATTAATAGTAAATCAGGCCCAAATCACCAAAACTGAAATCCCAGAGCGGCGCATT

GGAAACCATCATCCCAATTTGTGGGGTGATGATTTTATACAGTCTCTCCCAGACCATCCTTATCAGGGTGA

TCACTATGCTGAACGTTGTGGGAAACTTATTAGCGAGGTAAAACACATGTTTATTGTTGCTGAAAAAGATG

TTTCACAACTTCTTTTCCTGGTGGATAACATCGAACGCCTTGGAATAGATCGACACTTTCAAAAGGAAATA

AAACAATCCCTTGATTTGGTTTACAGGAATTGGGGTGAATGCCAAAGAGATCTCAACACCACGGCCTTGAG

CTTTCGGATTCTCAGGCTCCATAGATACTCTGTTTCTCCAGGAGTATTAGGACCCTTTAGAACAACAAGTG

GGCAGTTCTTGTGCTCCACCGCTCAGTCAGAGGAGGAGAAAATTAAAAGTGTTCTGAATTTGTACAGAGCT

TCATATATTGCATTTCCAGGGGAGAAAATTTTGGATGAGGCCAAACAATTCTCTACTTCATATTTAACTGA

AGCTCTGCACAAGACAGGGATCAACTCCAGCCTTTTGTATGAGATATCAGTGAATCTGAGGTATGAATGGT

ACACACTTCTGCCCAGGTTGGAAGCAAGGAAATATATAGAAATCTATGGGGAAAACACTTCATGGGCCAGG

ATGGCGGATAATGAGAAGCTTTTATCCCTAGCGAAAATGGATTTCAACATGATTCAGTCATTGCATCAGCA

AGAGCTTAAAGCTTTCTCCAGGTGGTGGAGGGAGTCTGGTTTGCCTAATGTAGATTTTGCTCGTCATCGAC

ACGTAGAATTTTTCTTTATGGCATGTGCAATTTGTGAGGATGAGAAGTATTCTGCATTTAGATCGAGCCTT

GCGAAGTCTTGTGTACTTGCAACATATTTAGATGATACATATGACACATATGGAACAGTTGATGAACTAGA

ACTCCTCACACAAGCAATTAAGAAGTGGGATCCGGCGTCTATAAACCAGCTCCCTGAATATATGAAAATTA

TATACATGGTTTTGTATAATGGAATCAATGAAATGGATCGAGAAGCTCAAAAGTTTCAAGGCCGAGAGACT

CTCTCCCATGCTAAAGATGCTTGGGAAACTTATATAGATGCTATGCTGCAAGAAGCTAAGTGGAATGCTAC

AAAACACATACCAACTTTGGCAGAACACATAGAAAATGGAACGATTAGTTCAGGAAAACGTCCAACCACAT

TGCAAGCTATATTAACAGCAGATGGGATTGTTCCAGAAGATATCTTTCATAAAATTGATTATCCATCAAGG

TTTGATAATCTTGGAGGCTTCAGCCTTCGAGTAAGAGGTGACATCAAATCCTTTAAGGGTGAGGTGGATCG

AGGAGAAACAAATTCATCCATAGTGTCCTACATGAAAGATAATCCAGGATCCACTGAAGAAGATGCCTTAA

ATTATCTTGTGAATTTATTGGATGAAAGACACAAAGAATTGAATTGGGAGTTTCTAAAAAATGATGGTGTT

CCAACTTGTAGTAAGGATTATTCTTATGATGTTGCAAGGGGTTACCTACATTTCTACAATGAGAGAGATGG

GTTTAGTTTTGCCTATCAAGAAATACGAGACCATGTAAATCAAATCCTCATTGAGCCTGTATCTATGTAAC

TGCTCATTTTAGTGAACCAATGTCTACAATCACATAAGTCTCTCTTTACTTGACTGAGAGACATTTTTTTA

TTATCAATAATAAATGAATAGGCGTTTCTTTCTAAAAAAAAAAAAAAAA 

 

>TpTS1 
MALSSAFSYNFCLKSQPSQSQSQSQTQSHTFAVNKGKAGLPLKPRTKVFMNNPLIVNQAQ 

ITKTEIPERRIGNHHPNLWGDDFIQSLPDHPYQGDHYAERCGKLISEVKHMFIVAEKDVS 

QLLFLVDNIERLGIDRHFQKEIKQSLDLVYRNWGECQRDLNTTALSFRILRLHRYSVSPG 

VLGPFRTTSGQFLCSTAQSEEEKIKSVLNLYRASYIAFPGEKILDEAKQFSTSYLTEALH 

KTGINSSLLYEISVNLRYEWYTLLPRLEARKYIEIYGENTSWARMADNEKLLSLAKMDFN 

MIQSLHQQELKAFSRWWRESGLPNVDFARHRHVEFFFMACAICEDEKYSAFRSSLAKSCV 

LATYLDDTYDTYGTVDELELLTQAIKKWDPASINQLPEYMKIIYMVLYNGINEMDREAQK 

FQGRETLSHAKDAWETYIDAMLQEAKWNATKHIPTLAEHIENGTISSGKRPTTLQAILTA 

DGIVPEDIFHKIDYPSRFDNLGGFSLRVRGDIKSFKGEVDRGETNSSIVSYMKDNPGSTE 

EDALNYLVNLLDERHKELNWEFLKNDGVPTCSKDYSYDVARGYLHFYNERDGFSFAYQEI 

RDHVNQILIEPVSM 
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>TpCS1(OM324393) 

CGCCAGAACAAAGAGAAAGTTCCTTCTTGCTCAGAAGAATAGTATTAAAGAGCAAAAATGGCTGTGAGTTG

CATTACGCCTTTGGCTTCCACCATGGTTGGACAGAAGCTACCACTTGGTAGAGTACCTTCTATTCAGCGTA

AGCCTTTCAGCAGAGCATACCCAGCACGTCGCAGTGTTGCTCAGCTTCCAATCAATATGGCGTTGATAACC

GATGATAAAGGCATTACACGGCGCATTGGCAATCATCACCCGAACTTGTGGGATGATGATTTCCTGCAATC

CCTCTCAAAATCTTCTGGCGCTCCCTCAGATGGTGAACGTGCTGAAAAGCTCATAAATGAGATAAAGGGCA

TATTCAATGCCCTTCATCTAAACTCTTCATCTACAGACGATCTCTATCGACGTCTTTCAATGGTGGATGAT

GTGGAACGCCTTGGAATTGACCGCCATTTTCAAAATGAAATAAGAGAACATCTTGACTATGTTTACAGATA

TTGGAATGATACCAATGGCATTGGGTGTGGTAGAGAGAGTCCTTGCGTGGATCTCAACGCCACAGCCTTAG

GCTTTAGAACTCTGCGCCTCCACAGATATGGCGTCTCTTCAGGTATGCTGCAACAGCTCATAAGTAAAGAT

GTACATTTTTTGTATAGTCAATCGAATGAGAAGGAGCTAAGAAGCATTCTAAATTTATTTCGAGCTTCACT

CATTGCATTTCCTAAGGAGCAAGCTTTGGATGATGCCAAAGCCTTTTCTACTTCATATTTAAAAAATGCTC

TAGCCAATATTAATAATACCAATCTTTCAAAAGAGATACAATTTAATCTAGAGTATGGATGGCACACTAAT

GTGCCTAGGTTGGAAGCAAGGACATATATTGACATATATGGAGATGTCAAAACTACAAACAATATTTTCAA

CTCGAAACTTTTAGAACTAGCCAAGATAGACTTCAATAAGATTCAATCAATTCAACAACAAGAGCTTCAAA

TTCTCTCAAGATGGTGGACAGAGTCTGGTCTAGCTAAACTAGAGTTTGCTCGCCATCGCCATGTGGAATTT

TACTTTTGGGCAGCAGGAGTGTGTATTGAACCAAAATATTCTACATTCAGAATTGGGTTTGCAAAGATGGC

TACTTTTGTCACTTGTTTGGATGATATTTATGACACTTATGGAACTATAGGTGAACTTGAAATCTTCACAA

AAGCCATTAAGAGGTGGGATTTACGATCCATGGAAGGACTTCCAGAATTTATGAAGATAACATTCAAGGCC

TTTGACGAGGGTGTGAGGGACATGGCTCGAGAGGCTGAAAAGACTCAAGGCAGAGACACACTTGACTATGC

GCGAAAAGCTTGGGAAGTTTACATAGATGCTTACTTACAAGAAGCAAGGTGGCTTGCTATGGGCTATATAC

CATCTTTGGAGGAATATCTAGAGAATGGAAAAGTAAGCTCTGGGGCTCGTGTTGTGACCTTACAACCCGTA

CTCTCATTAGATGCTCCCATTTCTGAGGATGTTATTAAAGAACTTGATTATCCATCAAGGTTCAATGAAAT

TTTATGCTTAACCCTTAGATTAAGAGGTGACACAAAGACTTTCAAGGCTGAGGCAGATCGTGGAGAAGAAG

TATCATGTATAACATGTTACATAAAAGACCATCCTGGATCTACAGAGCGAGATGCATTGGAGTATCTCAAT

AATTTAATTGATGAAAGACTTAAAGAATTGAATTGGGAATATTTAAAACCTGATAATGTTCCAATAATCAG

CAAAGATCATGCATATGGCTTATCAAAAGGTCTCCAGCTTCTCTATAAAGAAAGAGATGGATTTAGTGTGT

CAGGCATTGAGACAAAGAATATTATCACCAAAACCATGATTGAACCAGTTCCTATGTGACTATTTAATTAA

GTTATATATACTTGTTATCAAGAATAGATTATTGTTTGATACATTTAGTCTATCATAATGACTATGGTTTA

TTAATCATCTATGTAATCAATGTATATACACACTTGTGTGTGTTTATAAATAATGATTTTCTTTCAAAA 

 

>TpCS1 
MAVSCITPLASTMVGQKLPLGRVPSIQRKPFSRAYPARRSVAQLPINMALITDDKGITRR 

IGNHHPNLWDDDFLQSLSKSSGAPSDGERAEKLINEIKGIFNALHLNSSSTDDLYRRLSM 

VDDVERLGIDRHFQNEIREHLDYVYRYWNDTNGIGCGRESPCVDLNATALGFRTLRLHRY 

GVSSGMLQQLISKDVHFLYSQSNEKELRSILNLFRASLIAFPKEQALDDAKAFSTSYLKN 

ALANINNTNLSKEIQFNLEYGWHTNVPRLEARTYIDIYGDVKTTNNIFNSKLLELAKIDF 

NKIQSIQQQELQILSRWWTESGLAKLEFARHRHVEFYFWAAGVCIEPKYSTFRIGFAKMA 

TFVTCLDDIYDTYGTIGELEIFTKAIKRWDLRSMEGLPEFMKITFKAFDEGVRDMAREAE 

KTQGRDTLDYARKAWEVYIDAYLQEARWLAMGYIPSLEEYLENGKVSSGARVVTLQPVLS 

LDAPISEDVIKELDYPSRFNEILCLTLRLRGDTKTFKAEADRGEEVSCITCYIKDHPGST 

ERDALEYLNNLIDERLKELNWEYLKPDNVPIISKDHAYGLSKGLQLLYKERDGFSVSGIE 

TKNIITKTMIEPVPM 

 

 

>TpES1 

AGGAGATGTAATCGATCGGCTTAAGATGGTTGATCRCAAGCATTCAACTTGTAAATTTGAGTTGTAGTCCA

CATTTCTTCCGTGATGTCTAATTTGAAGGGAGACCAGACTTCCATGGAAATGCCAGAAAAATCCTTAAATC

TGTGGGACGACGAGTTTGTCCAATCTATGGAAACACCATATAATTTATGGGCATCCGAATATCCTGAACGT
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GTTGAAACACTGGTTAAACAAGTCAAAATCTTGTTTAATGAAATGCAGAGTGGAGGAGGAGATGTAATCGA

TCGGCTTAAGATGGTTGACGCATTTCAATGCCTCGGAATAGATCGATATTTTGAGGATGAAATAAAAGCGG

CTCTTGATTACGTTTACCGCTGTTGGGATGGAAGTGTGGGGATAGGATTAGGCTGCGAAAGCGCTACAAAG

GATTTGAATGCCACGGCTTTGGGACTCAGAGTGCTTCGACTCTATCGTTATGATGTGTCTGCAGATGTGTT

GAAGAACTTCAAGGACAATGAAGGGCAGTTCATTTCCCGTGGTGATGAGGAACACATGATGACAAGTATGA

TCAACCTCTTAAGAGCTTCAAGTATGTCATTTCTTGGAGAGGTGGTTATGGAAGACGCTAAAGTCTTCAGC

TCTGCTTATCTTAGACAATTATTAGAGAAATCTCAAGATATAAAGCACAACAGTTTTCTGAAAGAGGCTGA

GTATGCCCTCCAATATGAATGGCCTTCTACTTTCTCTCGATGGGAGGCCCGAAGTTATATAGAAATATATG

AATTGGATGTCTCCAGGTTGAAGGACAAAATCGTTTTAGATTTGGCCAAATTGGATTTCAATATATTGCAA

TATATATACAAAATGGAAACGAAGATGCTCTCCAGTTGGTGGCAAAATTCTGGTGTCTCAAAACTGATTGC

AGTTAGGGAGCGCTCAATTGAATATTATCTGTTGGCAGTTAGTGCTGTTGATAATGCAGAGTTTGGTAGCA

GCAGAATAGCTTTGGCCAAAGCAGCAACTCTCGTCTCTCTATTAGATGATCTTTTTGATGATTACTTGACA

CTTGAGCAAGTTGAACTTGTTACCAAGGCTATTGTTGAAGGTTGGAGCATTTCCATTATACAAAATATTCC

AGACAATTATAAGAAAATTGTGGAATTTATTTTCAAAACATTACATGAATTGACAAGTGAGGCAACTCAAA

TTCAAGGACGAGAGATGATGCACTTCATTACAAAAGCGTGGGCCGATTATGCTAAAGCTAGTTTAAAGACA

GCACAATGGAAAGAAGGTCAATATGTTCCAACCTATAATGAGTATATAAAGGTTGCTACCACAACTGGGGC

AAGTGGACTATTATCATTGCATCCCATCCTCCTGGCAGTTCCTAATTTGGAAGATGATGCTATTGAGAAAA

TATTTCTCAATAAGTCAAGATTCTATGAGCTTGTATGGTTGACGGGACGATTAGTTGATGATGTTCATGAC

TTCCAGGATGACAAGCTCCATGGACAAACAGCGTCAGCAATTTCTTCTTATATGAAGGACCATCCTGAATG

TTCAGAAGAAGAGGCATTACTTCATATCAATAGTCTTTTTGACCAATTGCTTAAAGAATTAACACTGGAAT

ATTTGAATCCCATCAAAGTGTTACCCAAATGGGACAATTTATACTTCAATCTTGGGAGAGGAGTTCAAAGC

TTTTATGTATTTGGAGATGGATTTTCATATCATGATAAGGGAGTCAAGCAACGAGTATTCAAAGTTCTTTT

TGATCTAGTTAAAGTTTAAAAAAATAGTGTTGCTATAATTGTAAGTTATGACTCTTGGTTGCCATACTTGG

CTTCCAATATGAGGTAGTTTCTAAATAACAGTGTATTTCAAAGGGTTGACTCTTAGTCCTCCATAGATTTA

TCCTACTGTGTTTTTCTCATAGTTGACATTTAATTTTTTTAAAATACTATATTTCTACTTTCTGGTTAAAA

AAAAA 

 

>TpES1 

MSNLKGDQTSMEMPEKSLNLWDDEFVQSMETPYNLWASEYPERVETLVKQVKILFNEMQS 

GGGDVIDRLKMVDAFQCLGIDRYFEDEIKAALDYVYRCWDGSVGIGLGCESATKDLNATA 

LGLRVLRLYRYDVSADVLKNFKDNEGQFISRGDEEHMMTSMINLLRASSMSFLGEVVMED 

AKVFSSAYLRQLLEKSQDIKHNSFLKEAEYALQYEWPSTFSRWEARSYIEIYELDVSRLK 

DKIVLDLAKLDFNILQYIYKMETKMLSSWWQNSGVSKLIAVRERSIEYYLLAVSAVDNAE 

FGSSRIALAKAATLVSLLDDLFDDYLTLEQVELVTKAIVEGWSISIIQNIPDNYKKIVEF 

IFKTLHELTSEATQIQGREMMHFITKAWADYAKASLKTAQWKEGQYVPTYNEYIKVATTT 

GASGLLSLHPILLAVPNLEDDAIEKIFLNKSRFYELVWLTGRLVDDVHDFQDDKLHGQTA 

SAISSYMKDHPECSEEEALLHINSLFDQLLKELTLEYLNPIKVLPKWDNLYFNLGRGVQS 

FYVFGDGFSYHDKGVKQRVFKVLFDLVKV 

 

Figure A.1. Nucleotide and predicted amino acid sequences of two Thuja plicata monoterpene 

synthases and sesquiterpene synthase described in Chapter2. 
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Figure A.2. Multiple protein sequence alignment of Thuja plicata TpTS1, TpCS1 and TpES1 with 

Pseudotsuga menziesii terpinolene synthase (PmeTPS2, AAX07264.1), Picea abies (+)-3-carene 

synthase (PaJF67, AA073863.1),Thuja plicata sabinene synthase (TpSS1, KC767281.1), 

Chamaecyparis formosensis alpha pinene synthase (Cf-Pin, EU099434.1). 
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Figure A.3. (A, B) = total ion chromatogram (TIC) of terpenes produced by TpCS1 and authentic 

standards (C, D) = mass spectrum of α-pinene and standard α-pinene, (E, F) = mass spectrum of 
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α-fenchene and library spectrum. (G, H) = mass spectrum of myrcene and standard myrcene. (I, J) 

= mass spectrum of terpinolene and standard terpinolene. 

 

>TpdiTPS1 (MT468207) 

CTTCTAATGCCTACTGAAACAAATTTGATCTCTATTTTATCAAAATGGCTCAGAAGATGTTTTCTCCGTCC

ATTTCAGTTTCCAAGTCTCGAGGATGGATTTCAACCAAAACCTCTGGATTTTCACCCATTGGAAAGTACTC

GCGCTCAAAGAGTCTGGCTTGCCACAACATGCCATCTGCTGTTGTTGTTGGAGAGGATGCTAAGACTCTTC

AGGCTTTGAGAATAGCGCATAAGGAGAGTAAAATCAATCCTAATCACGCGAAACCAGATTATGTTCACTCT

GTTTCAACATTTGAGGAGGCACCCTTTGATGAGATGGATAAGAGAATAGAGGAATTGGTTACAGAGATCAA

AGGGCTTTTTAATTCGATGGAAGATGGGGAAATAAGTCCCTCTGCTTACGATACTGCGTGGGTAGCGAGAG

TTCATGCCATTGATGGCTCTGTTAAACCCCAATTTCCTCAAATGGTGGACTGGATTCTTCAAAATCAGTTA

CCGGACGGTTCTTGGGGAGAAAAGAGTCGCTTTTTAGCGTGTGATAGACTGCTCAATACTCTTTCCTGCTT

AGTTACTCTCTCCATCTGGGGCGTTGGAAACAATCAAGTGAACAGGGGTCTTAATTTCTTGAGGAGAAATA

CAGAAGGAATGATTAAAGAAGCACTCGGTCATCATCAACCCAAGGGATTCGACATGGTCTTTCCTGTACTG

CTGAATGAAGCCAAACTTTTGGGTTTGGATCTTCCTTATGGGCTATATATCGTTAAACAAATACGCGAAAA

GCCAGACTTGGAATTGAAAAAAGTATTTGTTGAAGAGCTACACGGTCATCCCTCAACAATGTTACAGTGTC

TGGAAGGCGTACAAGAAATAATTGATTGGAAAAGGGTCCTGAAACTGCAATCCAAGGATGGATCTTTCTCT

GGCTCGCCAGCATCTACAGCTTGCGTATTTATGCACACAGGAGACATTAAATCTCTCCAATTTTTGACGAG

CCTTGTTAAAAAGTTTGGAGACCATGTGCCGAGCATGTATCCGGTGGATATAGCGGAGCGTTTAAGAGCCG

TGGATTGCGTTGAGCGTCTTGGACTCGAACGCCATTTTCAAACGGAAATTAAACAAGCAATGGATTATGTG

TTCCAGTACTGGAGTGAAAGAGGCATTGGATTTGGAAGGGAAAGCCTGGTTCCTGATATTGATATTACAGC

CACTGCCTTCAGGCTTCTCAGAACCTTCGGCTACTCTGTATCTTCCGAGGTTCTGCAAAACATTAAAGCCG

AGGCTGAAGAACTTCTTAAGCTGTCTGGTAACGAAAACAGCGCAGGAATAATCGGAATATTGAGCCTGTAT

AGATCTTCACAGCTTAACTTTCCGGGCGAAATTGTAATGAAGGAAATAGATTGCTTTGCAAAAGATTACCT

GGCTGAATTCCTGCAAACCAAGAACTTTTCTCAGGTGAAGGTTGTCAAGGAAAACCTTCCCGAAGAGGTTG

AATATGCTTTGTCTGCTCAATGGAATAGAAATATGCCAAGGCTGATGTCTAGAAATCAGATAGAATTGTTT

AATCCCAATGACCTATGGCTGGGGAAGACATTATATCACCTGCCAAATGCTAGCAATGACAAGTATTTAGA

ATTGGCCAAACTCGACTTCAACCGCATTCAGGCTACACACAGATTTGAAATACAACGAATACAGAGATGGT

ACAAGGATTGCAATTTCCCGCGGTTGGATTTTACTCGTCACAGAGAAGTGGCAGTTTACTGGACCTCTTCA

GCGGTGATGTTTGAACCACAATACACCGATTGCAGACTCGATTACGCAAAAGCCGGACTCCTGGCTACTAT

CACAGACGACCTCTATGAATCCTATGCAACTCTCAACCAACTCAAGCTTTTCAATGAAGCTTTCGAAAGAT

GGGATCCATTAATGAGCGAGCAACTGCCAGAGGACATGAAAATAGTTTTCATGGGAATCTATAACACTTTG

ACCGATATTTCTGAGCGAGCACTGAAGGTTCAAGGTCGTGATGTGCTTCCTTACCTGCGCCAACAGTGGTT

AAATCTGTTGTTCAGTTTCACAAAGGAAAGAGAGTGGATGGAAAGAAGTTATTCGCCATCATTGGATGAAT

ACTGGGCGAATGCAGAAGTGTCGATAGCACTGGAAACAACTATCCTGTCGCCAATATTTTCTACGGGAAAT

TTTCTTCCTGATCGCATTCTGGAGAAGATTAACTTTCTGGATCTGGTCAGTCAAACAGGGCGTCTTATGAA

CGACGTTAGAACTTTCCAGAAGGAAAGAGATCGCGGGGAATTGGCTTCATTCGTAGAATGCTACAAAAATG

AGCTCCATGGATGCACTGAAGAAGAAGCCCTGAATTACATGGAGAGAATGAACGAAGAGGCCCTTATCAAT

TTGAACTACCATTTTCTAATGCGATCAGACATACCTAAGTGCTACAGAACACTTCTTTTCAACACGGCTAG

GATAATGCAAATGATTTACAGGAAGGAAGACGGTTTTCGAAATGCCGCGGAGTACCTCGAAGATTCAATTA

AAAAATCTCTGTACGAACCAGTGCTGTAACAGATTACTATTCTGTAGTGTTGAAATTCGAACATCAGTCAA

ATAAAAAAAATTATTCCAAATGTTAATAAAATATTTTTTATTACTAAAAAAGGCATCATTACAATCATGGT

AATATTATTAGTTAATTTTCTGCAAAAAAAAAA 

>TpdiTPS1 

MAQKMFSPSISVSKSRGWISTKTSGFSPIGKYSRSKSLACHNMPSAVVVGEDAKTLQALRIAHKESKINPN

HAKPDYVHSVSTFEEAPFDEMDKRIEELVTEIKGLFNSMEDGEISPSAYDTAWVARVHAIDGSVKPQFPQM

VDWILQNQLPDGSWGEKSRFLACDRLLNTLSCLVTLSIWGVGNNQVNRGLNFLRRNTEGMIKEALGHHQPK

GFDMVFPVLLNEAKLLGLDLPYGLYIVKQIREKPDLELKKVFVEELHGHPSTMLQCLEGVQEIIDWKRVLK
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LQSKDGSFSGSPASTACVFMHTGDIKSLQFLTSLVKKFGDHVPSMYPVDIAERLRAVDCVERLGLERHFQT

EIKQAMDYVFQYWSERGIGFGRESLVPDIDITATAFRLLRTFGYSVSSEVLQNIKAEAEELLKLSGNENSA

GIIGILSLYRSSQLNFPGEIVMKEIDCFAKDYLAEFLQTKNFSQVKVVKENLPEEVEYALSAQWNRNMPRL

MSRNQIELFNPNDLWLGKTLYHLPNASNDKYLELAKLDFNRIQATHRFEIQRIQRWYKDCNFPRLDFTRHR

EVAVYWTSSAVMFEPQYTDCRLDYAKAGLLATITDDLYESYATLNQLKLFNEAFERWDPLMSEQLPEDMKI

VFMGIYNTLTDISERALKVQGRDVLPYLRQQWLNLLFSFTKEREWMERSYSPSLDEYWANAEVSIALETTI

LSPIFSTGNFLPDRILEKINFLDLVSQTGRLMNDVRTFQKERDRGELASFVECYKNELHGCTEEEALNYME

RMNEEALINLNYHFLMRSDIPKCYRTLLFNTARIMQMIYRKEDGFRNAAEYLEDSIKKSLYEPVL 

>TpdiTPS2 (MT468208) 

GGAATCTAATTGAGATTTGGCAGGGTATGCCCTGTGCAGCTCCGATAAAACCCTCTCTCTCTCTACTCCCC

ATGGGATTCAAAGTCTTCTTCACAAGGCGACATCTAATTTGTTAAAAATGTCCCAGAGTTTGTGTCCGCGC

CTCAGTTTGTTTTCGAAGCCTACTACCAAATCCACACAACGTCTTTCCAATACTTCTCTGCCTTTTACAAA

CTACGCTCGCATTAAGAGCATAGATTGCTACAACATGACATCTGCTCCTGCTCTTGGCGACAATGCGAAAA

CACTTCACGCTGCAGCGATTGCGCATCCGGAGCCCAAAATCTATCCTAATGCTGGGAAGCCAGATTATGTT

CATTCTAATTCAACATTTGAGGAGGCACCGTTGGAGGAGATGGATAAGCGAATAGAGGCATTGGTTGCGGA

GATCAAAGAGCTGTTTTATTCAATGGAAGATGGGGAAATAAGTCCTTCCGCATACGATACTGCGTGGGTAG

CGAGAGTGCCTGCCATTGATGCCTCCGCTCAACCCCAATTTCCCCAATTGCTGGACTGGATTCTTCAGAAT

CAGTTAGCGGACGGTTCCTGGGGCCAGCAGAGTCGCTTTTTAGCGTCTGATAGGTTCCTCAATACTCTTGC

CTGCCTCCTTACTCTCACCTTCTGGGGCGTTGGAAACAATCAAGTGCAGAGAGGTCTTCATTTCTTAAGAG

GAAATATGGAAGCAATGGTTAAAGAAGCTGTAGCATTCGGTCATCAAGGATTCGAGATGGTTTTGCCTGCA

CTGTTGAATGAAGCCAAACATTTGGGCTTGGATCTTCCTTACGAGCTACCTATCATCCAGCAAATAAACAA

AAAGAGGGACTCCGAATTGAAAAAGGTATCTGTTGAGGAGCTACACACGCATCCGACAGCAATGTTGCAGT

GTCTGGAAAGCATACAAGAAGTAGTCGATTGGAAAGACATCCTGAAATTGCAATCGAAGGATGGGTCTTTC

TCAGGCTCGCCAGCATCTACAGCTTGTGTATTTATGCACACCGGAGATAAGAAATGCCTACGATTCTTGGC

GGGTCTTGTTACAAAGTTTGAAGACTATGTCCCCTGCATGTATCCAGTGGACATAGCAGAGCGTTTGAGGG

CCGTGGATAGTGTTGAACGTCTGGGGCTTGAACGCCATTTCCAAACGGAGATCAAACAAGCCTTGGACTAT

GTGTTCCAGTACTGGGGTGAAAGAGGAGTTGGATTTGGAAGGGACAGCCTGGTTCCGGATATTGATGTCAC

AGCCACGGGCTTCAGGCTTCTCAGGATGTTCGGCTACACTGTGTCTCCAGACTTTCTGCAAAACATCAAAG

ACGAAGCTGAAGAACTCTGTAAGCTGTCTGATGGTGAAAACAGGGGAAGAGTAATCGACATGCTGAGCCTG

TATAGATGCTCACAGATTAACTTTCCGGGAGAAAATGTAATGAGAGAAATAGGTGCATTTGCCAAAGATTA

CTTGGCCGAATCCCTGCAAAGCAACAACTTTTCTCAGGCGACGGCTGTCAAGGATAACCTTCGCCAAGAGG

TCGAATATGCTTTGTTTGCCAGATGGAATAGAAATATGCCGAGACTGGTGATTATAAATAACATAGAAGTG

TTTAATCCCGATGACTTATGGCTGGGGAAGACATTATATCAAATGCCAAATGCGAGCAACGGCAAGTATTT

AGAATTGGCCAAACTCGAGTTCAACCGCACTCAGGCTATACACAGATCCGAAATACAACATATTAAGAGAT

GGTACAAGGCTTGCAATTTCCCCCAGCTGGAATTTACTCGTCACAGAGAAGTGGCAATCTACTGGACTGCG

GCAGCGGTAATGCCCGATCCCCAATACACCGACTGTAGACTCGCTTATGCAAAAGCAGGAATCATGGCTGT

TATCACAGACGACTTGTATGACACCTGTGCAACTCTGGAGCAGGCCAAGCTCTTCAACGAAGCTTTTGAAA

GGTCGCCGCGTTTAATCCCCATCTCAGTTAATGCGAATAAGGAATTGGAATCGGCGATATTAACATTGATT

GTGTTTGATGGGTGCAGATGGGATACAGAGCAAATCGAGCATCTACCAGAGGAGATGAGAATAGTATTTAT

GGGGCTGTACAACACTTTGAGGGAGATATCTGAAGGAGCGCGGGAGGTCCAAGGGCGTGATGTGCTTCCTT

ACCTGCGGCAAAAGTGGTTGGATCTGTTCAGGAGATACACGAAAGAAACAGAGTGGATGGAAAGGAGGCAT

TCGCCGTCATTAGAAGAATACTGGGAGAACGCGGTGGAGTCGATAGCACTGGGAGTCACTACCCTCACCCC

AATATTCTCTACCCAAGATCTTCTTCCTGATCATCTCCTCCAGAAATTTGACTTCCGCGCAGACTTTCTGA

ATCTCGTCAGTCTCACGGGGCGCCTCATTAACGACGTCAGAACTTTCCAGGAGGAAAGAGATCGGGGGGAA

TTGGCTTCATGCGTGCAATGCTACAGAAATGATAATCCGGGATGCACGGAAGAAGAAGCCCTGAATTATCT

GTACGGGGTGAATGAGGACGCCCTGACTAAATTGAATTATCAGTTTTTGATGCGTGAAGACATTCCCAAGA

GCTTCAGAACTGTTCTTTTCAACACGGCCAGGGTAATGCAATTGTTTTACAGGAACATTGACGGCTTTCTA

AATGCCGCCGAAGAGATGAAAGTCTTCATTAAAAAGACTCTCTATGAACCCCTGCTCTAATAAATTGCTCT

ATTGGATGAACTGTGTAATAAATGAAATTCCATTTTTTTTTTAGTTTTTGGTGAATATATTTGAAGGAGAA

ACTTATTAATGTACACTTCAATTTATGAAAGGATAACGAATCAAAATTTACTATCATT 
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>TpdiTPS2 

MSQSLCPRLSLFSKPTTKSTQRLSNTSLPFTNYARIKSIDCYNMTSAPALGDNAKTLHAAAIAHPEPKIYP

NAGKPDYVHSNSTFEEAPLEEMDKRIEALVAEIKELFYSMEDGEISPSAYDTAWVARVPAIDASAQPQFPQ

LLDWILQNQLADGSWGQQSRFLASDRFLNTLACLLTLTFWGVGNNQVQRGLHFLRGNMEAMVKEAVAFGHQ

GFEMVLPALLNEAKHLGLDLPYELPIIQQINKKRDSELKKVSVEELHTHPTAMLQCLESIQEVVDWKDILK

LQSKDGSFSGSPASTACVFMHTGDKKCLRFLAGLVTKFEDYVPCMYPVDIAERLRAVDSVERLGLERHFQT

EIKQALDYVFQYWGERGVGFGRDSLVPDIDVTATGFRLLRMFGYTVSPDFLQNIKDEAEELCKLSDGENRG

RVIDMLSLYRCSQINFPGENVMREIGAFAKDYLAESLQSNNFSQATAVKDNLRQEVEYALFARWNRNMPRL

VIINNIEVFNPDDLWLGKTLYQMPNASNGKYLELAKLEFNRTQAIHRSEIQHIKRWYKACNFPQLEFTRHR

EVAIYWTAAAVMPDPQYTDCRLAYAKAGIMAVITDDLYDTCATLEQAKLFNEAFERSPRLIPISVNANKEL

ESAILTLIVFDGCRWDTEQIEHLPEEMRIVFMGLYNTLREISEGAREVQGRDVLPYLRQKWLDLFRRYTKE

TEWMERRHSPSLEEYWENAVESIALGVTTLTPIFSTQDLLPDHLLQKFDFRADFLNLVSLTGRLINDVRTF

QEERDRGELASCVQCYRNDNPGCTEEEALNYLYGVNEDALTKLNYQFLMREDIPKSFRTVLFNTARVMQLF

YRNIDGFLNAAEEMKVFIKKTLYEPLL 

>TpdiTPS3(MT468209) 

CTCTTAACACCTATTCATTGAGGTCGCTGACAAATTTGAAAGGCAGGTGCAATTGGGACTTATCAGCTGAA

CAGTGCAAAAGCTTAAAAACATACCAGTATTTTTTCTTCTTCTTCTTTTCTAACTTAGAGAAAATGGCTCA

ATCTTTGATTTCTTCGGCCAATTCTTGTATTGCAAAGACTCGACTTTCAGATGTTAATGGCAGAACAGAGC

TCAACAGATCTCGACCATTATCATTTTCATTTTCCTCCTCTAAGCTGGTGAAGAGGCAATGGAATAAGCAG

TCAGCTGGTTTGGTTTTGGCTTGTCTTGGAGATTCCAGGCGTTCTTCTTCCCCTGCTGCTACAGGGGCTGC

CACTGCTTCTACATCGGTGAAACGAGAGTACCCTCCAGCAGTTTGGAATGATGACGTGATCAATTCTCTGA

TATCAACTTATAAATCTGCAGATGTAGCAGAGCAGGAGAAAAGGTCTGAGACATTGATAGCGGAGATAAAG

GGCATGTTTAAATCAATGGGGGATGGTGAAACGAATCCTTCTGCCTATGATACTGCTTGGGTTGCAAGGAT

ACCTGCTGTGGATGGCTCTAATGGCCCTCAGTTTCCTCAGACGCTTCAATGGATTCTGCAAAACCAGTTGA

GCGATGGTTCCTGGGGCGAAGAATTGTGCTTCTTGACATATGACCGTGCTCTGGCTACTCTTGCCTGTGTT

ATTACGCTCTCTCTGTGGAATACAGGGGAAGAACAAGTGAACAAAGGTGTTGAATTTATAAAGAAACATGC

TGAGCGAATGGAAGGAGAAGCGGACAATCACCGGCCAAGTGGATTCGAAATTGTTTTCATTTCAATGCTCA

ACGAAGCTAAGACTCTAGGATTGGATCTACCTTATGATCTGCCTTTCTTTAAGCAGATTAATGAAATGCGC

GAAACTAAGCTTAAAAAGATTCCTTTGAATGTTGTCCACGCCATTCATACAACAATTCTGTACTCGTTGGA

GGGGTTGCAGGAAATAATAGACTGGGACAAGATAATGAAGCTTCAATCCAAGGATGGATCCTTCCTTAGCT

CCCCTGCTTCCACAGCAGCCGTGTTCATGCGCACAGGAGACAAAAAGTGCTTAGACTTTTTGAGCTTCGTT

CTCAACAAATTTCAAGATCATGCTCCTTGTCACTATCCTCTTGATCTCTTCGAGCGTCTATGGGCTGTTGA

CACTTGCCAACGCCTGGGAATCGATCGCCATTTCAAAGACGAGATCAAAGATACTCTAGATTATGTCTACA

GCTATTGGAACGATAGAGGCATCGGATGGGCAAGAGAAAATGCAGTTGGTGATATTGATGATACTGTCATG

GGCCTTCGCCTCCTCAGACTTAGCGGATACAATGTGTCATCAGATGCACTGAAAACTTTCAGAGACGAGAA

TGGAGAATTCTTTTGCTTCATGGGTCAAACACAGAGAGGAGTTACAGACATGTTAAACGTTCATCGCGGCT

CACAAGTTGCATATCCAGGCGAAACAGTCATGGAAGAAGCAAAACAGTGCACGCTCAGATATTTGACCAGC

GCTCTTGAAAATGTCGGCGCTTTTGACAAATGGGCCCTGAAAAAGGATCTTCAAGGAGAGGTGGAATACGT

GCTTAGATATCCATGGCATAGAAGCCTGCCAAGACTGGAGGCAAGGAACTACGTAGAACAGTACGGTGCAA

ATGATGTGTGGCTTGGAAAGTCCATGTACCTGATGTATTACGTAAGCAATCAGAAATATTTAGAGCTGGCC

CAAATAGACTTCAACAAGGTTCAAGCGGTACACCAAAAGGAAATTCAGGAGCTTCAGAGGTGGTGGAAATC

ATCTGGTTTCACAAAGCTCAATTTCACGCCTGAACGTGTGGTTGAAATCTATTTTGGAGTGGCGGCGACCA

TGTTTGAGCCAGAGCTAGCTACACTAAGAGCTGTTTACACCAAAACTTCAATCTTTTCTGTCATTCTCAGC

GATCTCTATGAAGCGCAGGGATCAACTCACAACATGGCGTTGTTCTCTGAAGCAGTCAAAAGATGGGATAT

GTCAATGGTTGACCGCATGCCAGAAGAAATGAAAATCTGCTTCAAGGGCTTGTATGAAACAGTCAATGAAT

TCGCAGAGGAAGGAAGGAAGAGACAAGGGCGTGACGTATTGCCTTACCTCCGAAACCTGTGGGAGGTTCAG

TTGGAATCCTACACCAAGGAAGCAAAAATGGCTCAGGCCAAATACATGCCTTCCTTCCAAGAGTACATGGA

GAATGCCAAAGTATCAATGGGACTAGCCACCATAGTTTTGACCTCAGCTCTCTTTACAGGAGATCTTCTAT

CTGATGAAACACTTTCCAAAATGGGCTATGATTCCAAATTTGTCCAATTAATGGTTTCAACAGGGCGTTTG

GTTTGTGATACAAAAACTTACCAGGAGAAACAAGAGAGAGGTCTCCCTTCAGCTGTACAATGCTACATGAA



   

 

137 

 

AGACCATCCTGAAATCTCAGAAAAAGAAGCTTTAGACCATATCTACTCAGTACTGCAGAATTCCCTGCTGG

AATTGAATTGGGAACTTGTTAACAACAGAGAAATGCCAGAGACTTGTAGAAGCCTGGTTTTTAACACAGCA

AGAATAATGCAGCTATTTTACATGGAGAGAGATGGTTTTATTATGTCCCATCTAGAAATGCAACAACTTGT

GAGAAAGTGCCTTTTCGAGCCAGTGGCAGTATAGAAATCAAACTAGACAAAGACCAACATTTTTTTTTCTG

TCTTAGGCATACAATATCCATGATGGGTCTCTCAGAAACTACCTTTTTTCTCGCAAAATTCTTTCTTTTTT

CTAGGATACTTCAGACTTCCATCAATTCGCTGCAAAAATAAATGCAAGTTGTATAGATTAGGTGAATCTAC

TCTTGCCTGATATGACCCTCACTTGGAGAGGGATTTGGGAAGACTTTACACTCACATATGTGGGTTTTATT

TACGCTAGTTATGTAAATTTCCATACTAGTTTGAATAATTGTTATACATATTCACATCAAAATATTTTGGT

GAACATTTTTATATAAGTCCAAGCTCT 

>TpdiTPS3 

MAQSLISSANSCIAKTRLSDVNGRTELNRSRPLSFSFSSSKLVKRQWNKQSAGLVLACLGDSRRSSSPAAT

GAATASTSVKREYPPAVWNDDVINSLISTYKSADVAEQEKRSETLIAEIKGMFKSMGDGETNPSAYDTAWV

ARIPAVDGSNGPQFPQTLQWILQNQLSDGSWGEELCFLTYDRALATLACVITLSLWNTGEEQVNKGVEFIK

KHAERMEGEADNHRPSGFEIVFISMLNEAKTLGLDLPYDLPFFKQINEMRETKLKKIPLNVVHAIHTTILY

SLEGLQEIIDWDKIMKLQSKDGSFLSSPASTAAVFMRTGDKKCLDFLSFVLNKFQDHAPCHYPLDLFERLW

AVDTCQRLGIDRHFKDEIKDTLDYVYSYWNDRGIGWARENAVGDIDDTVMGLRLLRLSGYNVSSDALKTFR

DENGEFFCFMGQTQRGVTDMLNVHRGSQVAYPGETVMEEAKQCTLRYLTSALENVGAFDKWALKKDLQGEV

EYVLRYPWHRSLPRLEARNYVEQYGANDVWLGKSMYLMYYVSNQKYLELAQIDFNKVQAVHQKEIQELQRW

WKSSGFTKLNFTPERVVEIYFGVAATMFEPELATLRAVYTKTSIFSVILSDLYEAQGSTHNMALFSEAVKR

WDMSMVDRMPEEMKICFKGLYETVNEFAEEGRKRQGRDVLPYLRNLWEVQLESYTKEAKMAQAKYMPSFQE

YMENAKVSMGLATIVLTSALFTGDLLSDETLSKMGYDSKFVQLMVSTGRLVCDTKTYQEKQERGLPSAVQC

YMKDHPEISEKEALDHIYSVLQNSLLELNWELVNNREMPETCRSLVFNTARIMQLFYMERDGFIMSHLEMQ

QLVRKCLFEPVAV 

 

Figure A.4. Nucleotide and predicted amino acid sequences of three Thuja plicata diterpene 

synthases described in Chapter3. 
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Figure A.5. Amino acid alignment of Thuja plicata monofunctional diTPS1 (TpdiTPS1) and 

diTPS2 (TpdiTPS2) with Pinus taeda bifunctional levopimaradiene synthase (PtLAS, Q50EK2), 

Pinus contorta bifunctional levopimaradiene/abietadiene synthase (PcLAS2, JQ240311), Pinus 

banksiana (PbmIso1, JQ240313), and Pinus contorta (PcmIso1, JQ240314) monofunctional class 

I isopimaradiene synthase1. 
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Figure A.6. Amino acid alignment of Thuja plicata monofunctional diTPS3 (TpdiTPS3) with Picea 
glauca monofunctional ent-copalyl diphosphate synthase (PgCPS, GU045755), Oryza sativa syn-
copalyl diphosphate synthase (OsCPSsyn, AY530101) and Oryza sativa ent-copalyl diphosphate 
synthase (OsCPS2ent, AY602991). 

 



   

 

140 

 

 

Figure A.7. Phylogenetic relationships of conifer terpene synthases. The number of bootstrap 
replications was 100. The abbreviation of species are as follows: Physcomitrella patens (Pp) was 
used to root the tree. Picea glauca (Pg), Picea sitchensis (Ps), Picea abies (Pa), Physcomitrella 
patens (Pp), Abies grandies (Ag), Pinus taeda (Pt), Pinus contorta (Pc), Pinus banksiana (Pb), 
Taiwania cryptomerioides (Tc), Abies balsamea (Ab), Chamaecyparis obtuse (Co), 
Chamaecyparis formosensis (Cf), Pseudotsuga menziesii (Pm), Cycas taitangensis (Ct). 

 

>TpDOX1 

AAAGAGGAAGAAGTTCTACATAAACCGTTCTGTTTGTTGAGATAAACACAGATTCAGCACATATCAAAGAG

AAATAATTAACACTCAGTAAAGAGGAAGAAGTTCTACATAAACCGTTCTGTTTGTTGAGATAAACACAGAA

TTAACACTCAGTAAAGAGGAAGAAATTGTTAGCAATGGAGTTCGAGGAAGGTTTTATTCAGAAGGAAGAGC

ATCGCCCCAATCCGAAACGTTCCCCCGAGGACGTGGACAATAATCTGAAAGTGCCGATTATAGACATGGAA

AAGTGCTCGGTGGAGGAAGTGGGGAAGGCGTGCAAAGAGTGGGGATTCTTCTACCTCGTTAACCACGGTGT

TCCTCATCATCTCATCCGCCGCCTCGAGTCCGCCGCCCCCGATTTCTTCTCCTTGCCCCTCGAACAAAAGA

GACGAGTTTCCAGAGATGCTGAAAACCCGTTGGGCTACTTCAACTCCGAGCGTACCAAAAACGTTAGGGAT

TGGAAAGAGGTCTTCGACTTTGCCCCGCGCGGGAAGATCGAGCTGCCCATCTCTGTTGATCCGCACGACAA

CGCTACGGTGACCGCCAGTAACCGGTGGGCGGAGGAGCTTCCGGAGTTCAGAGAAGCTTGCCTGGCGTACG

CGGAGGCTGCGAGGGAGTTGCTGGATAGGGTGCTCCACTTGATTGCACTCAGCCTCGGTTTACCTGAGAAC

CGCTTTGACAAGTACTTCGAAGATTGCATGAGCATTGCGCGGCTGAATAGTTACCCGGAATGCCCGAACCC

GGAGCTGGCGCTGGGCATAGGGAGACACAAGGACGTTGGAGCGCTTACTCTTCTTTACCAGGATGACGTGG

GTGGACTGGAGGTGAAGTGCAAGAGCAATGGGGAGTGGGTACCTGCTCCCCCCATCCCCTTCTCCTTCGTC

CTCAATGTTGCCGACTGCGTCCAGGTGTTGACGAATGATAGGTACGAGAGCGTAGAGCACAGAGCAGTGGT

AAATGACACACGAAGGAGGCTGTCAATTCCGCTATTCTTGATTCCTTCACACTCTGCGATGATAAAGCCGA

TGGAGGAATTGGTGAGCGAGGAGAATCCTCCCAAATTCAGGGAGTTCAGCTGGGGGAAGTTTACAAAGCAG
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AGGATGCGTGAAGGTCTCAAAAACTTGGGGGTTGCTGACATACAAATCGACAACTTCAGAATCTGATGGAG

TGGAGTGATTATCTCATGGAATGGAAATGTGCTAAGCATGAATAATTACTACAAATAAAAATACTGCTATG

TATAATAAGCCATCTTCTGTTTGGAAAGATTGCAATTCTACCGTATCTTTTTATTATTATATCTATTCATA

TTAGTTGATTTTCTACTGTGTAGTGGTCCGTAGGGAATGATAACTAGCTTATCTGCCCTTATTGTGGCTTG

TTTCTCGCTTGGGTCAATGAATTTTTGATCTATGGGAATGAAAATGTGTTTTCAATGTGGAGTGGTGTGGA

TCATAGGTTGTGTTGGACTATTATCAAAATTTGGGAAGAAAGGTCTTTTAAAGAATATTCTTGTTTCACAT

GTGTCGATCAAGGGTGTACGTTTCTTTAGGTTTGATGAAACTTGTGATTGGTGTGTTGTGTCAAGATTCAA

CTTTTCTTTGTATGGGATTGGGACCTTG 

>TpDOX1 

MEFEEGFIQKEEHRPNPKRSPEDVDNNLKVPIIDMEKCSVEEVGKACKEWGFFYLVNHGVPHHLIRRLESA

APDFFSLPLEQKRRVSRDAENPLGYFNSERTKNVRDWKEVFDFAPRGKIELPISVDPHDNATVTASNRWAE

ELPEFREACLAYAEAARELLDRVLHLIALSLGLPENRFDKYFEDCMSIARLNSYPECPNPELALGIGRHKD

VGALTLLYQDDVGGLEVKCKSNGEWVPAPPIPFSFVLNVADCVQVLTNDRYESVEHRAVVNDTRRRLSIPL

FLIPSHSAMIKPMEELVSEENPPKFREFSWGKFTKQRMREGLKNLGVADIQIDNFRI 

>TpDOX2 

TCATTTTATCTGAACAGATGTAAATCAAATCAAAGCACCACACAGCGAGAAATAAGCAATTAGTAACCATG

GGAATTGGTACGCACCAAAACAGCCAAACTCTCATGTTCGGAGAGAGTTTTATCCAGAGCGAAGAGCATCG

TCCCAAGCATTTCTCCGCTTCTCCTGACGATAATGTTGAAATCCCCATTATAGACCTGGAAAAGAGCTCCC

CAGAGGATGTAGAAAAGGCGTGCAGAGACTGGGGTTTCTTCCACCTGGTCAATCATGGCTTTCCAGAGCAT

CTTCTGCACCGTCTTAAATCTGCCGCAGCAGATTTCTTCTCGTTGCCTGTGGAAGAAAAGAGACGAGTATC

CAGGGATGCTCAAAACCCCTTTGGCTACTTTGATTCGGAGCTAACAAAAAACGTGAGGGATTGGAAAGAGG

TATTCGACTTTGTGCCGCGGGAGGAAATCCGATTGCCCACTTCTGTTGATCCGACTGATACTGCTACGGAG

ATCTTCACAAACCGCTGGCCGGATGGCCACCCGGAATTCAGAGAAGCTTGCCTGACATATGTAGCGGCTGC

AAGAGAGTTGTCATTTAGGTTGTTACAGTTGATAGCACGAAGCCTTGGTTTACCGGAAAACCGCTTCAATG

AATATTTCAAAGATGATATAAGCAATGTGCGGATAAATAGTTACCCGGAGTGCCCGGCCCCAGAGCTCGCA

CTGGGATTGGGCAGGCACAAGGATGGCGGCGCAGTCACCCTTCTTTACCAAGACGAGGTTGGTGGTCTGCA

GGTCAAACGCAAGGACAACGGTCAATGGCTTCCCGCTCAGCCCCTGCCCAACTCCTTCGTTGTCAATGTTG

GAGATTGCATTCAGGTGTGGAGCAATGATAGGTATGAGAGCGTAGAGCACAGAGTGGTGGTGAATGATAGT

CGAAGACGTCTGTCCATTCCATTTTTCCTGAGACCTTCCCAGTATGTGATGATGAAACCTCTGGATGAGTT

AGTGGGTGAAGAGAATCCTCCCAAGTACAGCGAATTCAACTGGGGGAAGTTTTTCAAGAGGAGGAAGGATG

GCAATTTTAAAAATTTAGGGGTTGAGAATCAACAAATATATCATTTTAGAATCTGAGTGGTATGAGA 

>TpDOX2 

MGIGTHQNSQTLMFGESFIQSEEHRPKHFSASPDDNVEIPIIDLEKSSPEDVEKACRDWGFFHLVNHGFPE

HLLHRLKSAAADFFSLPVEEKRRVSRDAQNPFGYFDSELTKNVRDWKEVFDFVPREEIRLPTSVDPTDTAT

EIFTNRWPDGHPEFREACLTYVAAARELSFRLLQLIARSLGLPENRFNEYFKDDISNVRINSYPECPAPEL

ALGLGRHKDGGAVTLLYQDEVGGLQVKRKDNGQWLPAQPLPNSFVVNVGDCIQVWSNDRYESVEHRVVVND

SRRRLSIPFFLRPSQYVMMKPLDELVGEENPPKYSEFNWGKFFKRRKDGNFKNLGVENQQIYHFRI 

>TpDOX3 

AGCACAACAACATAACTGTAATAATGGGAATTGGGGCGGCCGAGAACACCGAAGCTCTGAAGTTCGAAGAG

AGCTTTATTCAGAGCGAAGAGCATCGTCCCAAGCATTTCTCCTCTCCTCCTTCCGATAATGTCAAAATACC

GGTGATAGACTTGGAAAAGAGCTCTGCAGAGGATGTGGAGAAGGCGTGCAGAGAGTGGGGTTTCTTCCACC

TCGTCAATCATGGCTTCCCTGATCATCTTCTGCACCGCCTCAAATCCGTTGCAGCCGACTTCTTCTCGTTG

CCTCTCGAAGAAAAGAGACGAGTATCAAGGGATGCAGAAAACTCTTTGGGCTACTTCAATTCGGAGCTTAC

AAAAAACGTGAGGGATTGGAAAGAGGTGTTCGACTTTGTGCCGCGGGAGGAAATCCAATTGCCTACATCTG

TTGATCCGGACAACCATGCTACCTACACCATCAAAAACCAATGGCCGGATGGCCATCCGGATTTCAGAGAA

GCTTGCCTGACCTATGCAGAGGCTGCGAGAGAATTAGTGTTTAAGTTGCTAGAATTAATAGCACGGAGCCT
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TGGCTTACCTGGAAACCGGCTGGATGAGTATTTCAAAGATGATATAACTGCTATGCGGTTGAATTGTTACC

CAGAATGCCCAAATCCCGAGCTAGCACTGGGCGTGGGAAGGCACAAAGACGGCGCTGCACTTACCCTTCTT

TACCAAGACGAAGTGGGTGGATTGGAAGTGAAGTGCAAGGAGAGTGGTCAGTGGGTGCCCGCTCAACCGAT

GCCCAACTCTTTCGTTGTCAATGTTGGAGACTGCATACAGGTGTGGAGCAATGACAGGTATGAGAGTGTTG

AGCACAGAGTGGTGGTGAATGATAGCCGAAGACGCTTCTCCATTCCGTATTTCCTTAGTCCTTCCCATTAT

GTGATTATAAAGCCTCTGGAGGAGTTGGTGAATGAGGAAAATCCTCCCAAGTATAGGGAATATAATTGGGG

GAAGTTTTCTAAGCGTAGGAGGGATAGTAATTTTAAGAACTTGGGAGAAGAGAATCTTCAAATATACCACT

TCAGAATCTGACTGATATGATATTAGCGGTGTGGGATTGCGTACTCCCAAGGATAAAAAATGTCTTAAACA

GAACCTGTTACTAATGAATAAATCTCATAAATGTGCATGTTGTAAATATGGTAAAATAAACTCTCCATATG

TATAAGTCATGGTGTGTAGAAAGGTTGCATCTCTACAGTATATTAAAATAAACTCTCCATATGTATAAGTC

ATGGTGTGTAGAAAGGTTGCATCTCTACAATATATTTGGTAATGGTATTATATATATCATATCAACTCTCA

AATGCTGATTCTTCCTTGTAACGCTTCATGAAAGCTTAAAATATT 

 

>TpDOX3 

MGIGAAENTEALKFEESFIQSEEHRPKHFSSPPSDNVKIPVIDLEKSSAEDVEKACREWGFFHLVNHGFPD

HLLHRLKSVAADFFSLPLEEKRRVSRDAENSLGYFNSELTKNVRDWKEVFDFVPREEIQLPTSVDPDNHAT

YTIKNQWPDGHPDFREACLTYAEAARELVFKLLELIARSLGLPGNRLDEYFKDDITAMRLNCYPECPNPEL

ALGVGRHKDGAALTLLYQDEVGGLEVKCKESGQWVPAQPMPNSFVVNVGDCIQVWSNDRYESVEHRVVVND

SRRRFSIPYFLSPSHYVIIKPLEELVNEENPPKYREYNWGKFSKRRRDSNFKNLGEENLQIYHFRI 

 

Figure A.8. Nucleotide and predicted amino acid sequences of three Thuja plicata dioxygenases 
described in Chapter4. 
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Figure A.9. Amino acid alignment of Thuja plicata TpDOX1, TpDOX2 and TpDOX3 with  

Talaromyces stipitatus Fe(II)/2-oxoglutarate-dependent dioxygenase (TropC,), Arabidopsis 

thaliana gibberellin 2-β-dioxygenase (AtGA2ox1), Salvia miltiorrhiza Fe(II)/2-oxoglutarate-

dependent dioxygenase (Sm2OGD25), and Ginkgo biloba flavonol synthase (GbFLS). 
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Figure A.10. Mass spectrum of derivatized Cymorcin (A) and derivatized β-thujaplicin (B).  

 

 

Figure A.11. Hygromycin resistance test in C. lusitanica calli. A) 1 µg/mL, B) 2 µg/mL, C) 3 

µg/mL, D) 4 µg/mL. 

A) B)

C) D)
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Figure A.12. Proposed β-thujaplicin biosynthesis pathway (Priyadarshini Balaraman). 

 

 

          

 

Figure A.13. Experimental design of the Skimikin trial that has 32 plots stumped (on the left) and 

32 plots unstumped (on the right) over a continuous area. Each plot measures 0.04 ha. In this 

study, T. plicata wood cores collected from plots (marked with red squares) are colored with yellow 

(Pure Cedar) and blue (Cedar growing with fir). Total 52 tress were collected randomly from 4 

stumped and 6 unstumped plots. In stumped plots, monoculture cedar trees were collected from 

Stumped Block Unstumped Block 

MEP 
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plot 4 (5 trees), 12 (5 trees) and 9 (5 trees) whereas cedar trees growing with fir were collected 

from plot 24 (7 trees). In unstumped plots, monoculture cedar trees were collected from plot 33 (5 

trees), 46 (5 trees) and 56 (5 trees) whereas cedar trees growing with fir were collected from plot 

37 (5 trees), 42 (5 trees) and 51 (5 trees). 
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Appendix B. Supplementary tables 

Table B.1. List of proteins used in phylogenetic analysis in Chapter2. 
Gene ID Function Accession No Species 

PgTPS-3car 3-carene synthase C7ASI9 Picea glauca 

PsTPS-3car1 3-carene synthase1 F1CKI6 Picea sitchensis 

PaTPS-3car 3-carene synthase Q84SM8 Picea abies 

PsTPS-sab (+)-sabinene synthase  F1CKJ1 Picea sitchensis 

PaTPS-Lin (-)-linalool synthase  AAS47693.1 Picea abies 

PgTPS-Lin (-)-linalool synthase  ADZ45500.1 Picea glauca 

Aggteo terpinolene synthase  Q9M7D0 Abies grandis 

Aggmyr myrcene synthase  O24474 Abies grandis 

PaTPS-Myr myrcene synthase  AAS47696.1 Picea abies 

PaTPS-Lim (-)-limonene synthase  AAS47694.1 Picea abies 

Agg-pin1 pinene synthase  O24475 Abies grandis 

Agg-lim1 limonene synthase  O22340 Abies grandis 

PaTPS-Far E, E-alpha-farnesene synthase  AAS47697.1 Picea abies 

Cf-Pin α-pinene synthase EU099434.1 Chamaecyparis formosensis  

TpSS1 sabinene synthase  KC767281.1  Thuja plicata  

TpTS1 terpinolene synthase  OM324392 Thuja plicata  

TpCS1 3-carene synthase OM324393 Thuja plicata  

PaTPS-Lon longifolene synthase  Q675L0 Picea abies 

PsTPS-Lonp alpha-longipinene synthase  ADZ45516.1 Picea sitchensis 

Agfdsel1 delta-selinene synthase  O64404 Abies grandis 

PgTPS-Hum alpha-humulene synthase  ADZ45513.1 Picea glauca 

Agfghum gamma-humulene synthase  O64405 Abies grandis 

CfCad beta-cadinene synthase  AFJ23663.1 Chamaecyparis formosensis 

AgfEabis alpha-bisabolene synthase  O81086 Abies grandis 

PmeTPS3 (E)-gamma-bisabolene synthase  Q4QSN4 Pseudotsuga menziesii 

TpdiTPS1 monofunctional sandaracopimaradiene synthase MT468207 Thuja plicata  

TpdiTPS2 monofunctional levopimaradiene synthase MT468208 Thuja plicata  

PbmPIM1 monofunctional pimaradiene synthase  M4HY08 Pinus banksiana 

PcmPIM1 monofunctional pimaradiene synthase  M4HYC8 Pinus contorta 

PbmIso1 monofunctional isopimaradiene synthase  M4HXW5 Pinus banksiana 

PcmIso1 monofunctional isopimaradiene synthase  M4HYP3 Pinus contorta 

PaTPS-LAS bifunctional levopimaradiene synthase  Q675L4 Picea abies 

PsTPS-LAS levopimaradiene/abietadiene synthase  ADZ45517.1 Picea sitchensis 

PcLAS1 bifunctional levopimaradiene synthase  M4HY05 Pinus contorta 

AgAS bifunctional abietadiene synthase  Q38710 Abies grandis 

CfCPS1 copalyl diphosphate synthase QWV53997.1  Chamaecyparis formosensis 

TpdiTPS3 normal-copalyl diphosphate synthase MT468209 Thuja plicata  

GbTPS-Lev bifunctional levopimaradiene synthase Q947C4 Ginkgo biloba 

PgCPS ent-copalyl diphosphate synthase  JAI17637.1 Picea glauca 

PpCPS/KS ent-kaurene synthase  BAF61135.1 Physcomitrella patens 
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Table B.2. Primers used for nested PCR and SLIC-based cloning into expression plasmid in 
Chapter2. 
 

 
 
 
 
Table B.3. Kovats Retention indices of identified monoterpene and sesquiterpene compounds in 
Chapter2. 
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Table B.4. Primers used for nested PCR and SLIC-based cloning into expression plasmid in 

Chapter3. 

 

 

Table B.5. Kovats Retention indices of identified diterpene compounds in Chapter3. 
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Table B.6. Primers used in cloning of three putative dioxygenases in pET28b expression vector in 
Chapter4.                      

 
 
Table B.7. Primers used in cloning of three putative dioxygenases in pWBVec8-Ubi:USER:NOS 
expression vector in Chapter4. 
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Table B.8. RTqPCR primers for validation of overexpression in C. lusitanica and C. cashmeriana 
calli in Chapter4. 

 

 

Table B.9. Protein sequences used in phylogenetic analysis. 

Gene ID Function Accession No Species 
AtGA3ox1 gibberellin 3-beta-dioxygenase At1g15550 Arabidopsis thaliana 
AtGA3ox2 gibberellin 3-beta-dioxygenase At1g80340 Arabidopsis thaliana 
AtGA3ox3 gibberellin 3 beta-hydroxylase At4g21690 Arabidopsis thaliana 
AtGA3ox4 gibberellin 3 beta-hydroxylase At1g80330 

 
Arabidopsis thaliana 

AtGA20ox1 gibberellin 20-oxidase At4g25420 Arabidopsis thaliana 
AtGA20ox2 gibberellin 20-oxidase At5g51810 Arabidopsis thaliana 
CmGA20ox gibberellin 20-oxidase AAB64345 Cucurbita maxima 

 
AtGA2ox1 carbon19-gibberellin 2-oxidase At1g78440 Arabidopsis thaliana 
AtGA2ox2 carbon19-gibberellin 2-oxidase At1g30040 Arabidopsis thaliana 
AtGA2ox3 carbon19-gibberellin 2-oxidase At2g34555 Arabidopsis thaliana 
AtGA2ox7 carbon20-gibberellin 2-oxidase At1g50960 Arabidopsis thaliana 
AtGA2ox8 carbon20-gibberellin 2-oxidase At4g21200 Arabidopsis thaliana 
OsDAO Dioxygenase for Auxin Oxidation NP_001053075.1 Oryza sativa 

 
AtAOP1 glucosinolate biosynthesis NM_116541 Arabidopsis thaliana 
AtAOP2 glucosinolate biosynthesis AF417858 Arabidopsis thaliana 

 
AtF3H flavanone 3-hydroxylae At3g51240 Arabidopsis thaliana 
GbF3H flavanone 3 beta-hydroxylase AY742228.1 Ginkgo biloba 
GmF3H flavanone 3 beta-hydroxylase AY595420.1 Glycine max 
AtFLS1 flavonol synthase At5g08640 Arabidopsis thaliana 
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GbFLS flavonol synthase ACY00393.1 Ginkgo biloba 

 
GbANS anthocyanidin synthase ACC66092.1 Ginkgo biloba 
OsANS anthocyanidin synthase Y07955.1 Oryza sativa 
PaANS anthocyanidin synthase AB198870.1 Phytolacca americana 

 
AtACO4 ACC oxidase At1g05010 Arabidopsis thaliana 
AtACO3 ACC oxidase At1g12010 Arabidopsis thaliana 
AtACO2 ACC oxidase At1g62380 Arabidopsis thaliana 
AtACO5 ACC oxidase At1g77330 Arabidopsis thaliana 
AtACO1 ACC oxidase At2g19590 Arabidopsis thaliana 
SlACO1 1-aminocyclopropane-1-

carboxylate oxidase 
NM_001247095 Solanum lycopersicum 

 
Sm2OGD25 diterpenoid biosynthesis Not Available Salvia miltiorrhiza 
At2OGD diterpenoid biosynthesis NP_566685 Arabidopsis thaliana 
ZmFLS/F3H diterpenoid biosynthesis NM_001357949 Zea mays 

 
AtJOX1 jasmonic acid biosynthesis NP_187728 Arabidopsis thaliana 
AtJOX2 jasmonic acid biosynthesis Q9FFF6 Arabidopsis thaliana 
AtJOX3 jasmonic acid biosynthesis Q9LY48 Arabidopsis thaliana 

AtJOX4 jasmonic acid biosynthesis AEC09512 Arabidopsis thaliana 

AtJRG1 jasmonic acid biosynthesis NP_191156 Arabidopsis thaliana 
 

TropC 
 

2-oxoglutarate/Fe(II)-dependent 
dioxygenase 

B8M9K5 Talaromyces 
stipitatus 

TpDOX1 Putative 2-oxoglutarate/Fe(II)-
dependent dioxygenase 

Not Available Thuja plicata 

TpDOX2 Putative 2-oxoglutarate/Fe(II)-
dependent dioxygenase 

Not Available Thuja plicata 

TpDOX3 Putative 2-oxoglutarate/Fe(II)-
dependent dioxygenas 

Not Available Thuja plicata 

 

 

 

 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=441959
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=441959
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Appendix C. Composition of buffers, media, and 

stock solutions  

2TY medium: for 1 L 

Tryptone 16 g, yeast extract 10 g and NaCl 5 g were dissolved in dH2O. 

½ MS (Murashige and Skoog) medium: for 2 L, pH 5.5-5.8 

MS 4.44 g, sucrose 30 g, MES 1 g, and agar 4g/0.5L. 

Gamborg B5 medium (callus culture medium):  for 1 L 

Micro elements 100X stock for 1 L (CoCl2.6H2O 0.0025 g, CuSO4.5H2O 0.0025 g, 

FeNaEDTA 3.67 g, H3BO3 0.3 g, KI 0.075 g, MnSO4.H2O 1 g, Na2MoO4.2H2O 0.025 g, 

ZnSO4.7H2O 0.2 g), stored at 4°C. 

Vitamins 100X stock for 200 mL (myo-inositol 2 g, nicotinic acid 0.02 g, pyridoxine HCl 

0.02 g, Thiamine HCl 0.2 g), stored at 4°C. 

Hormones:  

NAA (1-Naphthaleneacetic acid) 100 mM stock for 1 mL: 

0.0186 g NAA dissolved in 1 mL DMSO, stored at -20°C. 

BAP (6-Benzylaminopurine) 100 mM stock for 1 mL: 

0.0225 g dissolved in DMSO; a 1 mM stock was further prepared from this 100 mM stock. 

stored at -20°C. 

To prepare the B5 medium for 1 L, 10 mL of micro elements (100X stock), macro elements: 

CaCl2.2H2O 0.15 g, KNO3 2.5 g, MgSO4 0.12 g, NaH2PO4.H2O 0.15 g, 10 mL vitamins 

(100X stock), 20 g/L sucrose, Gelzan 2g/0.5L. The pH was adjusted to 5.5. The media 

was autoclaved cooled and added 0.01 µM BAP and 10 µM NAA (Added fresh). 

 

Timentin: 100 mg/mL for 10 mL 

1 g timentin dissolved in 10 mL dH2O, filter-sterilized and stored at -20°C. Always add 

fresh in medium. 

 

Acetosyringone: 1 M for 1mL 

0.1962 g acetosyringone was dissolved in 1 mL DMSO and stored at -20°C. 
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IPTG: 

200 mM stock prepared in dH2O, filter-sterilized and stored at -20°C. 

 

Dioxygenase protein purification buffer: 

 
Lysis buffer: Prepared fresh and store on ice 

1 mg/mL DNase, 1 mg/mL RNase, 1 mM MgCl2, 1 mM PMSF, and 25 mg lysozyme were 

added in HisTrap binding buffer pH 7.5. 

 

HisTrap Binding buffer 

50 mM Tris-HCl, 150 mM NaCl, 5 mM imidazole and 5% v/v glycerol were added to dH2O 

and the final pH was adjusted to 7.5. The solution was filter sterilized and stored at 4°C. 

 

HisTrap Elution buffer 

50 mM Tris-HCl, 150 mM NaCl, 500 mM imidazole and 5% v/v glycerol were added to 

dH2O and the final pH was adjusted to 7.5. The solution was filter sterilized and stored at 

4°C. 

 

Desalting buffer 

50 mM Tris-HCl, 150 mM NaCl and 5% v/v glycerol were added to dH2O and the final pH 

was adjusted to 7.5. The solution was stored at 4°C. 

 

Dioxygenase assay buffer: 

Tris-HCl, pH 7.5 (1 M, 1 L) 

Add 121.14 g of Tris base in 800 mL of distilled water. Adjust pH using HCl. Add distilled 

water until the volume is 1 L. 

 

N-[Tris(hydroxymethyl)-methyl]-2-aminoethanesulfonic acid (TES) buffer: 200 mM, 

30 mL, pH 7.5 

1.38 g of TES dissolved in sterile dH2O. The pH was adjusted with 1 N NaOH to pH 7.5. 

The final volume was adjusted up to 30 mL. The solution was filter sterilized and stored at 

4°C.  
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2-oxoglutaric acid (100 mM, 2 mL): 

0.029 g 2-oxoglutaric acid dissolved in sterile dH2O (prepared fresh) 

 

ammonium iron (II) sulfate hexahydrate [(NH4)2Fe(SO4)2.6H2O] (10 mM, 10 mL): 

0.039 g (NH4)2Fe(SO4)2.6H2O dissolved in sterile dH2O (prepared fresh) 

 

Sodium ascorbate (100 mM, 2 mL): 

0.039 g sodium ascorbate dissolved in sterile dH2O (prepared fresh) 

 

Cymorcin (250 mM, 0.5 mL): 

0.021 g cymorcin dissolved in 500 µl dimethyl sulfoxide (DMSO) and stored at -20°C. 

 

Authentic β-thujaplicin: 

0.01 g β-thujaplicin was dissolved in 1 mL ethyl acetate (EtOAc) to make a stock 

concentration of 10 mg/mL which was diluted 100-fold with EtOAc to make a concentration 

of 100 ng/µl from which 100 µl of sample was taken and derivatized with 5 µl N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA), incubated for 2 h. and detected on GC-MS. 

 

2X SDS-PAGE sample buffer (Laemmli, 30 mL): 

3.75 mL of 0.5 M Tris-HCl pH 6.8, 15 mL of 50% glycerol, 0.3 mL of 1% Bromophenol blue 

and 3 mL of 20% SDS were added to sterile dH2O. 

 

1X SDS-PAGE running buffer (1 L): 

100 mL of 10X Tris/Glycine/SDS buffer (purchased from Bio-Rad) was diluted with 900 

mL dH2O. 

 

Antibiotics: 

Spectinomycin: A stock solution of 50 mg/mL for 10 mL was prepared by dissolving 0.5 

g spectinomycin in 10 mL sterile dH2O. The solution was filter sterilized and stored at -

20°C. 

 

Gentamycin: A stock solution of 10 mg/mL for 10 mL was prepared by dissolving 0.1 g 

gentamycin in 10 mL sterile dH2O. The solution was filter sterilized and stored at -2°C. 
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Kanamycin: A stock solution of 50 mg/mL for 10 mL was prepared by dissolving 0.5 g 

kanamycin in 10 mL sterile dH2O. The solution was filter sterilized and stored at -20°C. 
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Appendix D. Codes for mixed effect model analysis  

#find working directory 
getwd() 
#set working directory 
setwd("C:/Users/user/Desktop/Chapter5_skimikin/skimikin") 
#Install edgeR 
#if (!requireNamespace("BiocManager", quietly = TRUE)) 
#  install.packages("BiocManager") 
#BiocManager::install("edgeR") 
#load all required libraries 
library ("edgeR") 
library ("gplots") 
library(RColorBrewer) 
library(goseq) 
library("statmod") 
library("goseq") 
library("GO.db") 
library("qvalue") 
#Open data for analysis 
data <- read.csv("June_Auguststump_unstump_cwcwfdcounts.csv", row.names=1) 
head(data, 4) 
nrow(data) 
#Provide sample information 
sampleinfo <- read.csv("SampleinfoJA.csv") 
head(sampleinfo, 4) 
colnames(sampleinfo)[1] <- 'FileName' 
#Visualize the data and save as .tiff file 
tiff(file="total number of reads.tiff", width=6, height=5, units="in", res=300) 
barplot(colSums(data), ylab="Total number of reads", xlab="Sample ID", cex.names=0.5) 
dev.off() 
#Transform raw counts to log counts and visualize sample to sample correlation matrix 
log10_data <- log10(data + 1) 
cor(log10_data, method="pearson") 
heatmap(as.matrix(cor(log10_data, method="pearson")), main="Clustering of Pearson correlations", scale="none") 
#save sample correlation matrix as .tiff file 
tiff(file="sample correlation matrix.tiff", width=6, height=5, units="in", res=300) 
heatmap(as.matrix(cor(log10_data, method="pearson")), main="Clustering of Pearson correlations", scale="none") 
dev.off() 
#Convert data into factor 
plot <- factor(sampleinfo$Plot) 
treatment1 <- factor(sampleinfo$Treatment1) 
treatment2 <- factor(sampleinfo$Treatment2) 
time<-factor(sampleinfo$Time) 
#make a DGElist object out of the data 
list1 <- DGEList (counts = data) 
list1 
#calculate the normalization factors to adjust the effective library size relative to other libraries in the dataset 
list1 <- calcNormFactors (list1) 
list1 
logcounts <-cpm(list1, log=TRUE) 
#calculate the counts per million 
cpm.list1 <- cpm(list1) 
head(cpm.list1, 4) 
#filter out the genes with less than 1 cpm in 6 or fewer libraries  
list2 <- list1[rowSums(cpm.list1 > 1) >= 6,] 
head(list2,4) 
cpm.list2 <- cpm.list1[rowSums(cpm.list1 > 1) >= 6,] 
head(cpm.list2, 4) 
#generate a multi-dimensional scaling (MDS) plot 
col.cell <- c("purple","orange")[treatment1] 
#plot the MDS graph and save as .tiff file 
tiff(file="Multidimentional scaling plot.tiff", width=6, height=5, units="in", res=300) 
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legend("topleft",fill=c("purple","orange"),legend=levels(treatment1)) 
plotMDS (list2, col = col.cell) 
legend("topleft",fill=c("purple","orange"),legend=levels(treatment1)) 
dev.off() 
#Set the model to use 
design <- model.matrix (~0+time) 
rownames(design) <- colnames(data) 
#or 
design <- model.matrix (~0+treatment1) 
#or 
design <- model.matrix (~0+treatment2) 
#voom calculates weights to offset the mean variance relationship 
list2 <- voom(list2, design, plot=TRUE) 
cor <- duplicateCorrelation(list2, design, block=plot) 
#fit a linear model for each gene 
fit <- lmFit(list2,design,block=plot,correlation=cor$consensus) 
cont.matrix <- makeContrasts(august=timeAugust-timeJune, levels=colnames(design)) 
fit.cont <- contrasts.fit(fit, cont.matrix) 
fit.cont <- eBayes(fit.cont) 
top.table <- topTable(fit.cont, sort.by = "none", number=Inf) 
#Calculate the t statistics for each gene in each comparison 
#Get the number of up and down regulated genes 
#lfc 0.1=1 fold, 0.6=1.5 fold, 1=2fold 
#1 fold difference 
de1<-(decideTests(fit.cont,adjust.method="fdr", p.value = 0.05, lfc=0.1)) 
sum<-summary(de1) 
sum 
#1.5 fold difference 
de2<-(decideTests(fit.cont,adjust.method="fdr",p.value = 0.05, lfc=0.6)) 
sum<-summary(de2) 
sum 
#2 fold difference 
de3<-(decideTests(fit.cont,adjust.method="fdr",p.value = 0.05, lfc=1)) 
sum<-summary(de3) 
sum 
###Select the specific differentially expressed genes 
#2 fold difference 
selected3 <- top.table$adj.P.Val<0.05 & abs(top.table$logFC) >= 1 
selected3 <- top.table[selected3, ] 
selected3 
nrow(selected3) 
#save as both csv and txt file 
write.csv(selected3, file = "selected_genes_fold2.csv") 
write.table(selected3, file = "selected_genes_fold2.txt", quote=F, sep=' ') 
#extract up and down regulated genes for 2 fold difference 
UpGenes <- selected3[ selected3$logFC > 1, ] 
nrow(UpGenes) 
write.table(UpGenes, file = "UpAugustVsJune_2fold.txt", quote=F, sep=' ') 
downGenes <- selected3[ selected3$logFC < 1, ] 
nrow(downGenes) 
write.table(downGenes, file = "downAugustVsJune_2fold.txt", quote=F, sep=' ') 
# Annotation for 2 fold difference 
DEG_2fold <- row.names(selected3) 
DEG_2fold 
write.table(DEG_2fold, file = "DEG_2fold_cwSU.csv", sep="\t", row.names = FALSE) 
# Extract annotation from annotation file 
file1<- read.csv("New_SA_transcriptome_Trinotate.csv", stringsAsFactors = FALSE, na.strings = "NA") 
head(file1,4) 
class(file1) 
file2 <- read.csv("DEG_2fold_cwSU.csv", stringsAsFactors = FALSE, na.strings = "NA") 
head(file2, 4) 
colnames(file2)[1] <- 'transcript_id' 
result = file1[file1$transcript_id %in% file2$transcript_id,] 
result 
head(result, 4) 
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#remove duplicate rows 
deduped.data <- unique(result[ , 1:3 ] ) 
deduped.data 
head(deduped.data, 4) 
#Final annotation file 
write.csv(deduped.data, file = "final_DEG_2fold_cwSU.csv") 
##Generate heatmap 
#Heatmap for 2 fold difference 
names <- row.names (selected3) 
highly_variable_lcpm <- logcounts[names,] 
col.cell <- c("purple","orange")[time] 
heatmap.2(highly_variable_lcpm,col=rev(morecols(50)),trace="none", main="Top genes across 

samples",ColSideColors=col.cell,scale="row") 
#Run Goseq (GO Enrichment analysis) 
#for 2 fold difference 
# for Upregulated genes 
factor_labeling = read.table("UpAugustVsJune_2fold.txt", row.names=1) 
class(factor_labeling) 
head(factor_labeling,4) 
factor_labeling[,1] = rep('custom_list', dim(factor_labeling)[1]) 
factor_labeling = factor_labeling[,1,drop=F] 
colnames(factor_labeling) = c('type') 
factor_list = unique(factor_labeling[,1]) 
DE_genes = rownames(factor_labeling) 
DE_genes 
# get gene lengths 
gene_lengths = read.table("transcripts.length.txt", header=T, row.names=1, com='') 
gene_lengths = as.matrix(gene_lengths[,1,drop=F]) 
gene_lengths 
nrow(gene_lengths) 
# get background gene list 
background = read.table("background_genes.txt", header=T, row.names=1) 
head(background,4) 
background.gene_ids = rownames(background) 
background.gene_ids 
background.gene_ids = unique(c(background.gene_ids, DE_genes)) 
background.gene_ids 
sample_set_gene_ids = background.gene_ids 
sample_set_gene_ids 
# parse GO assignments 
GO_info = read.table("SA_go_annotations.txt", header=F, row.names=1,stringsAsFactors=F) 
GO_info_listed = apply(GO_info, 1, function(x) unlist(strsplit(x,','))) 
names(GO_info_listed) = rownames(GO_info) 
get_GO_term_descr =  function(x) { 
  d = 'none'; 
  go_info = GOTERM[[x]]; 
  if (length(go_info) >0) { d = paste(Ontology(go_info), Term(go_info), sep=' ');} 
  return(d); 
} 
#organize go_id -> list of genes 
GO_to_gene_list = list() 
for (gene_id in intersect(names(GO_info_listed), sample_set_gene_ids)) { 
  go_list = GO_info_listed[[gene_id]] 
  for (go_id in go_list) { 
    GO_to_gene_list[[go_id]] = c(GO_to_gene_list[[go_id]], gene_id) 
  } 
} 
# GO-Seq protocol: build pwf based on ALL DE features 
missing_gene_lengths = sample_set_gene_ids[! sample_set_gene_ids %in% rownames(gene_lengths)] 
if (length(missing_gene_lengths) > 0) { 
  stop("Error, missing gene lengths for features: ", paste(missing_gene_lengths, collapse=', ')) 
} 
sample_set_gene_lengths = gene_lengths[sample_set_gene_ids,] 
sample_set_gene_lengths 
GO_info_listed = GO_info_listed[ names(GO_info_listed) %in% sample_set_gene_ids ] 
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cat_genes_vec = as.integer(sample_set_gene_ids %in% rownames(factor_labeling)) 
cat_genes_vec 
pwf=nullp(cat_genes_vec, bias.data=sample_set_gene_lengths) 
rownames(pwf) = sample_set_gene_ids 
# perform functional enrichment testing for each category. 
for (feature_cat in factor_list) { 
 message('Processing category: ', feature_cat) 
  gene_ids_in_feature_cat = rownames(factor_labeling)[factor_labeling$type == feature_cat] 
  cat_genes_vec = as.integer(sample_set_gene_ids %in% gene_ids_in_feature_cat) 
  pwf$DEgenes = cat_genes_vec 
  res = goseq(pwf,gene2cat=GO_info_listed, use_genes_without_cat=TRUE) 
  ## over-represented categories: 
  pvals = res$over_represented_pvalue 
  pvals[pvals > 1 - 1e-10] = 1 - 1e-10 
  q = qvalue(pvals) 
  res$over_represented_FDR = q$qvalues 
  go_enrich_filename = paste("UpAugustVsJune_2fold.txt", '.GOseq.enriched', sep='') 
  result_table = res[res$over_represented_pvalue<=0.05,] 
  descr = unlist(lapply(result_table$category, get_GO_term_descr)) 
  result_table$go_term = descr; 
  result_table$gene_ids = do.call(rbind, lapply(result_table$category, function(x) {  
    gene_list = GO_to_gene_list[[x]] 
    gene_list = gene_list[gene_list %in% gene_ids_in_feature_cat] 
    paste(gene_list, collapse=', '); 
  }) ) 
  write.table(result_table[order(result_table$over_represented_pvalue),], file=go_enrich_filename, sep=' ', quote=F, 

row.names=F) 
  ## under-represented categories: 
  pvals = res$under_represented_pvalue 
  pvals[pvals>1-1e-10] = 1 - 1e-10 
  q = qvalue(pvals) 
  res$under_represented_FDR = q$qvalues 
  go_depleted_filename = paste("UpAugustVsJune_2fold.txt", '.GOseq.depleted', sep='') 
  result_table = res[res$under_represented_pvalue<=0.05,] 
  descr = unlist(lapply(result_table$category, get_GO_term_descr)) 
  result_table$go_term = descr; 
  write.table(result_table[order(result_table$under_represented_pvalue),], file=go_depleted_filename, sep=' ', quote=F, 

row.names=F) 
} 
# for downregulated genes 
factor_labeling = read.table("downAugustVsJune_2fold.txt", row.names=1) 
class(factor_labeling) 
head(factor_labeling,4) 
factor_labeling[,1] = rep('custom_list', dim(factor_labeling)[1]) 
factor_labeling = factor_labeling[,1,drop=F] 
colnames(factor_labeling) = c('type') 
factor_list = unique(factor_labeling[,1]) 
DE_genes = rownames(factor_labeling) 
DE_genes 
# get gene lengths 
gene_lengths = read.table("transcripts.length.txt", header=T, row.names=1, com='') 
gene_lengths = as.matrix(gene_lengths[,1,drop=F]) 
gene_lengths 
nrow(gene_lengths) 
# get background gene list 
background = read.table("background_genes.txt", header=T, row.names=1) 
head(background,4) 
background.gene_ids = rownames(background) 
background.gene_ids 
background.gene_ids = unique(c(background.gene_ids, DE_genes)) 
background.gene_ids 
sample_set_gene_ids = background.gene_ids 
sample_set_gene_ids 
# parse GO assignments 
GO_info = read.table("SA_go_annotations.txt", header=F, row.names=1,stringsAsFactors=F) 
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GO_info_listed = apply(GO_info, 1, function(x) unlist(strsplit(x,','))) 
names(GO_info_listed) = rownames(GO_info) 
get_GO_term_descr =  function(x) { 
  d = 'none'; 
  go_info = GOTERM[[x]]; 
  if (length(go_info) >0) { d = paste(Ontology(go_info), Term(go_info), sep=' ');} 
  return(d); 
} 
#organize go_id -> list of genes 
GO_to_gene_list = list() 
for (gene_id in intersect(names(GO_info_listed), sample_set_gene_ids)) { 
  go_list = GO_info_listed[[gene_id]] 
  for (go_id in go_list) { 
    GO_to_gene_list[[go_id]] = c(GO_to_gene_list[[go_id]], gene_id) 
  } 
} 
# GO-Seq protocol: build pwf based on ALL DE features 
missing_gene_lengths = sample_set_gene_ids[! sample_set_gene_ids %in% rownames(gene_lengths)] 
if (length(missing_gene_lengths) > 0) { 
  stop("Error, missing gene lengths for features: ", paste(missing_gene_lengths, collapse=', ')) 
} 
sample_set_gene_lengths = gene_lengths[sample_set_gene_ids,] 
sample_set_gene_lengths 
GO_info_listed = GO_info_listed[ names(GO_info_listed) %in% sample_set_gene_ids ] 
cat_genes_vec = as.integer(sample_set_gene_ids %in% rownames(factor_labeling)) 
cat_genes_vec 
pwf=nullp(cat_genes_vec, bias.data=sample_set_gene_lengths) 
rownames(pwf) = sample_set_gene_ids 
# perform functional enrichment testing for each category. 
for (feature_cat in factor_list) { 
  message('Processing category: ', feature_cat) 
  gene_ids_in_feature_cat = rownames(factor_labeling)[factor_labeling$type == feature_cat] 
  cat_genes_vec = as.integer(sample_set_gene_ids %in% gene_ids_in_feature_cat) 
  pwf$DEgenes = cat_genes_vec 
  res = goseq(pwf,gene2cat=GO_info_listed, use_genes_without_cat=TRUE) 
  ## over-represented categories: 
  pvals = res$over_represented_pvalue 
  pvals[pvals > 1 - 1e-10] = 1 - 1e-10 
  q = qvalue(pvals) 
  res$over_represented_FDR = q$qvalues 
  go_enrich_filename = paste("downAugustVsJune_2fold.txt", '.GOseq.enriched', sep='') 
  result_table = res[res$over_represented_pvalue<=0.05,] 
  descr = unlist(lapply(result_table$category, get_GO_term_descr)) 
  result_table$go_term = descr; 
  result_table$gene_ids = do.call(rbind, lapply(result_table$category, function(x) {  
    gene_list = GO_to_gene_list[[x]] 
    gene_list = gene_list[gene_list %in% gene_ids_in_feature_cat] 
    paste(gene_list, collapse=', '); 
  }) ) 
  write.table(result_table[order(result_table$over_represented_pvalue),], file=go_enrich_filename, sep=' ', quote=F, 

row.names=F) 
  ## under-represented categories: 
  pvals = res$under_represented_pvalue 
  pvals[pvals>1-1e-10] = 1 - 1e-10 
  q = qvalue(pvals) 
  res$under_represented_FDR = q$qvalues 
  go_depleted_filename = paste("downAugustVsJune_2fold.txt", '.GOseq.depleted', sep='') 
  result_table = res[res$under_represented_pvalue<=0.05,] 
  descr = unlist(lapply(result_table$category, get_GO_term_descr)) 
  result_table$go_term = descr; 
  write.table(result_table[order(result_table$under_represented_pvalue),], file=go_depleted_filename, sep=' ', quote=F, 

row.names=F) 
} 

 




